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ROSS STEERING STABILITY 


MAKES SPEED SAFER 


@ A car equipped with Ross Steering 
can be handled with far greater safety 
at high speed — and at all speeds. 
This is due to the exceptional stability 
which the exclusive Ross Cam and 


Lever construction provides. Ross 


Steering is always safe steering. 
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The Car 


of the Future 


By Walter T. Fishleigh and Clarence T. Fishleigh 


Consulting Engineers, Detroit 


As a practical automotive thesis, revolution will not bring 
success in the automotive field. 

The style-eye of “Mr. and Mrs. Public” can be 
changed only slowly. They are not able and not willing to 
change abruptly from what they are accustomed to and what 
they consider satisfactory and proper. And from the economic 
viewpoint of the owner, style depreciation is the biggest single 
influence in obsoleting any new car. 

The control and general operation of the public’s cars 
must be changed only slowly and carefully and safely. 
Radical changes in control of this year’s model from 
last year’s is disconcerting, if not to say dangerous, 
both for the public and for the bank account of 
the manufacturer who attempts to educate the 
public to the change. 
“You can’t do the last thing first” is a 
syllogism, credited to C. F. Kettering, 
which is the answer to many of the 
criticisms recently voiced by well- 
meaning but impractical critics. 
It is just as dangerous to be 
too far ahead of the public as 
to be too far behind. And 
as engineers, responsible to 
a large extent for the 
success or failure of 
our companies as 
well as of our en- 
gineering crea- 
tions, we must 
recognize and 
respect the 
fact that 
there is 





















13 







a tremendous amount of mental and 
style inertia in managements, in produc- 
tion forces and in the public. 

A general idea is not worth a nickel, more- 
over, until it is reduced to a practically opera- 
tive structure, suitable for practical production. 

For example, we all have the general idea that air- 

planes should have the speed and flight characteristics 

of present airplanes but be able to take off or land ver- 
tically from, or into, a vacant lot or a back yard, and 
regardless of air conditions or fog. It’s a good general idea 
but not worth a nickel practically until it is exemplified in 
an operative structure. 

The above is, of course, not at all intended to discourage 
thinking and working on what seems today to be a radical 
or even freakish idea. It is from the radical ideas of today 
that many of the practical developments of tomorrow arise. 

Most of the things we are doing today are things which 
150 years ago, everybody knew “could not be done.” In this 
country, with our mass-production programs, progress and 
development along automotive lines has not come, and will 
never come, by abstract conjecture or detached radicalism, as 
opposed to studied judgment, based upon scientific training 
and experience and tests, and analysis of the public demand. 
What Mr. and Mrs. Public do not want, they will not pay 
for. And whether we engineers like it or not,’sales and 
profits are the controls. There is no use getting mad or 
upset about it, for that will not change the situation. 

It has been said that, after all, “an engineer’s job is to 
decide upon and develop that which he can convince the 
management the public will pay for”. Evolution in the auto- 
motive industry means progress and success. Revolution 
spells disaster. 

The following “high spots” of the “Car of the Future” are 


regarded as of special interest: 


Power 


Powerplants will develop more horsepower per pound of 
weight, and will be more compact leaving a much greater 
percentage of wheel-base space for the passengers, or the 
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pay load. Superchargers are here. More of them will doubt- 
less appear in the near future. 


Engine at Rear 


Moving the engine to the rear is a major change, presenting 
a large and entirely new problem in respect to chassis engi- 
neering,“ tool equipment, production costs and general car 
styling. 

Such major changes come only when forced, under some 
sort of emergency conditions. Such emergencies arise when 
sales of a given company are failing, when a new company 
attempts to enter the field against the competition of old- 
line companies, when a new model is being developed to 
meet a new price class or to satisfy an estimated public 
demand. 

Such emergency situations occur irregularly and cannot be 
predicted. A considerable number have occurred recently 
abroad, and several in this country, resulting in rear-engine 
cars. More may come in 1937 or in 1940 or in 1947. 

For there are possibilities in the rear-engined streamlined 
car, which promise fascinating engineering improvements, as 
follows: 


1. Clear vision, resulting from removing the engine 
unit from the front end. 

2. Elimination of engine noise vibration and odors due 
to location of the engine behind the passenger com- 
partment. 

3. Trussed unit body construction, with elimination of 
conventional chassis frame. 

4. Improved riding comfort, because of the low center 
of gravity and the location of the seats between 
the axles. 

5. Low cost; body, chassis, and assembly being simpli- 
fied. 

6. Beauty and grace, due to artistic streamlining. 

7. Twice as many miles per gallon of gasoline while 
touring, because of reduced wind resistance. 


There are of course, some real problems which must be 
considered in connection with any complete change in design 
such as the rear-engined car and some obvious disadvantages. 
The driver and his companion in the front seat must not be 
shoved too far forward. They will not feel at ease in a too- 
far-forward position and they must not be unnecessarily 
exposed to danger in case of collision. In this connection 
the front end of the car must be trussed and braced to pro- 
vide strength and safety against head-on collision at least 
comparable with present front-engine designs. Likewise the 
engine at the rear must be securely anchored against forward 
movement in case of a severe front end jolt. Heating of the 
passenger compartment in cold weather involves a problem 
with the engine in the rear. 

One thing is certain: rear-engined cars will not be popularly 
accepted until they have been developed to such extent as to 
be demonstrably superior to present front-engine designs in 
comfort, in convenience, in fuel economy, in beauty and 
styling. The mere fact that rear-engined cars are different 
will not sell them. 

Overdrive 


The overdrive is here, in fairly simple, low cost and reliable 
exemplifications. The public has had experience with, and 
appreciates the fuel economy affected at touring speeds, the 
decreased wear and tear at high speeds on the engine and 
its associated equipment, and the quietness of engine opera- 
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tion at touring speeds on the open highway. The public not 
only likes the overdrive but will pay for it. 

More overdrives, or their equivalent, will no doubt appear 
in 1937 and they may be general in all except the lowest 
price class in 1940. 


The Fully Automatic Transmission 


_For some as-yet-undetermined reason man is just naturally 
a lazy animal. Hence the idea, ever before us, of the fully 
automatic transmission. It is felt that there will come great im- 
provement in transmissions and in the overall control of 
the automobile, but the possibilities of developing a fully 
automatic transmission, completely free from driver control 
and driver headwork, is very remote, if indeed it is at all 
possible. 

In meeting varying road and driving conditions — boulevard, 
sand, mud holes, sharp turns, sunshine, rain, snow — it requires 
a pretty good and a pretty alert mind to drive a car success- 
fully. No two situations are alike and no control by way 
of speed or torque or leverages or inertia will take the place 
of good judgment and car control in accordance therewith. 
It is believed that the public is interested in effortless rather 
than automatic control. Indeed many drivers take pride 
in the skillful operation and control of their cars, and derive 
definite enjoyment therefrom. 


Wheel Enclosures 


Rear wheel enclosures are here, although considerable 
improvement in present designs will come in 1937. The 
public likes them; the kids speak of them familiarly as 
“pants”; and Dad will pay for them. Front wheel enclosure 
is desirable to prevent the throw of mud and gravel. There 
are difficulties involved, however, in enclosing the front wheels 
without increasing the overall width of the front end of the 
car and without a resulting grotesque appearance. No design 
has as yet appeared on the road which satisfactorily solves 
this problem. 


Elimination of Chassis Frame 


While most engineering departments have been busy brac- 
ing and stiffening conventional chassis frames against deflec- 
tion and torsion, certain others have realized the possibilities 
in using the body box-truss as a frame and eliminating the 
conventional chassis frame as such. 

Unit body and frame construction has potential possibilities 
from the angles of reduction of weight and increased rigidity, 
but it involves production difficulties which have as yet not 
been satisfactorily overcome. Moreover, convertible body 
types are eliminated as a production proposition. 

In rear-engined designs, the problem is comparatively 
simple, as the complete automobile naturally divides itself 
into three major production and assembly units as follows: 


1. Body assembly. 

2. Front axle and steering assembly (including wheels, 

springs and brakes). 

3. Rear axle, engine and transmission assembly (in- 

cluding wheels, springs and brakes). 

Unit body and frame construction is here in 1936. It 
should appear in more front-engined models in 1940. It 
will appear as a very logical part of rear-engined models, 
whenever they come. 


Running Boards 


With low floors of bodies, the running board, as 2 
step, is not required. As a protection for the lower body 
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The Ear as a Notse-Measuring 


Instrument 


By John S. Parkinson 


Johns-Manville Research Laboratories 


F all problems involving noise measurement, 
the human ear is the final judge and the 
court of last resort. In most situations, as in the 
case of the motor-car buyer, it is the untrained 
ear of the average customer that ultimately passes 
judgment. Likewise in all instrument calibration, 
it is necessary in the final analysis to depend upon 
the ear as a basis. 


For this reason the measurement of noise must 
be so conducted that results and predictions will 
agree with ear judgments. A discussion is given 
of the various characteristics of noise that the ear 
recognizes, that is, loudness, pitch, quality, and 
discomfort or annoyance. The physical quanti- 
ties corresponding to these psychological charac- 
teristics are discussed, and also methods of con- 
verting from one set of quantities to the other. 


The experimentally established relationships 
between pitch, loudness, and annoyance are given. 
A recent series of tests, relating the internal re- 
sistance of panel-damping treatments to their 
effectiveness as judged by ear, is reported. 


A brief discussion of the technique of noise 
measurement is given, with special emphasis upon 
instruments and instrumental methods suitable to 
coincide with ear judgments. 


T is the purpose of this paper to pose as simply as pos~ 
sible the problems of noise measurement in the belief 
that the process of stating these problems will clarify their 

solution considerably. There is ample information at hand 
of a technical nature, describing the physical character of 
noise, the technique of its measurement, and the interpre- 
tation of results... The emphasis in this discussion will be 
placed on one aspect of the problem only: interpretation in 
terms of ear judgments. 


[This paper was presented at the Semi-Annual Meeting of the Society, 
White Sulphur Springs, West Va., June 1, 1936.] 
ee S.A.E. Transactions, August, 1934, pp. 271-287; “The Place of 
Sound Instruments in Automotive Noise Reduction”, by E. J. Abbott. 
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The automotive engineer encounters noise more often as 
a sensation experienced by the customer than as a definite 
physical characteristic of his car. He wants from the acousti- 
cal engineer an index of how that car will sound to the 
average customer. This index should be of such a nature 
that it will enable him to compare this car with those of 
other makes and with other models of his own manufacture. 
If he is manufacturing mufflers or silencers, his problem 
is still the same: he is measuring against customer judgment. 

The customer has only one means of forming his judg- 
ment, his ear. He has no complicated system of microphones 
and amplifiers to make his determinations, and no inclina- 
tion to use them if he had. If the car sounds noisy to him 
on the evidence of his ears, that is all he wants to know — 
it is condemned. And the physicist or the acoustical engineer 
has no reason to quarrel with this method of procedure, 
for he falls back upon the ear for his ultimate court of appeal 
in many types of instrument measurement. If he is measur- 
ing frequency, he listens for beats against a tuning fork 
standard or some similar device. If he is measuring intensity, 
he uses as his reference threshold the average threshold of 
audibility of a large number of human ears. If he is measur- 
ing loudness, he again obtains the average of the opinions 
of a large number of observers and tries to set up a system 
of units which will correspond to these judgments. We had 
ears long before we had noise-measuring apparatus and, in 
the final analysis, our results must be based on what we 
ourselves hear. It is true that the ear has many peculiarities, 
but we study these peculiarities primarily because we wish 
to be able to make allowances for them in instrument design. 

It may be asked why we bother with instruments instead 
of trusting entirely to ear judgments. There are a number 
of reasons. In the first place, no two ears are just alike, 
even when they both belong to the same individual. We 
should not know whose ear to use. In the second place, 
the sense of hearing, like all the senses, is susceptible to sug- 
gestion from within and from without. If we want to hear 
something and if we believe that we should, it is very likely 
that we shall. A recent experiment illustrates this point. 

A sound-absorbing treatment had been installed in a restau- 
rant. I had made the calculations previous to the installation 
and knew approximately what loudness reduction could be 
anticipated. When I listened to the noise in the treated 
room, I estimated the reduction as about 50 per cent. My: 
calculations had shown 47 per cent. But, of a dozen other 
people asked, not one estimated less than 60 per cent and the 
average was about 65 per cent. The treatment had evidently 
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been more effective than anticipated, and the reason has 
since come to light. But my prior knowledge completely 
disqualified me as a judge in the matter. 

Another reason why the ear is not suitable as an instrument 
for precision measurement is that it varies from day to day 
with the general physical condition of the body. Fatigue, 
sinus trouble, a cold in the head —any one of a number of 
things — may affect materially the acuity of hearing. The ear 
also is influenced by vibrations communicated through the 
body to the bony structure within the ear. There are times 
when a person cannot judge how much of the sensation 
is arriving by this route, and how much is arriving through 
the air to his ear drum. Furthermore, the ear is limited 
in its ability to differentiate sounds. Loud sounds mask 
faint ones; low sounds mask high ones; and the sound in 
which we are interested may never be able to get an audience 
unless we give it instrumental assistance. The ear is not 
sensitive to small changes in intensity or in frequency. It 
is necessary to change the energy in a sound 25 per cent in 
order to produce a 5 per cent change in the apparent loud- 
ness. Changes in intensity much smaller than this one may 
not be heard at all. If the job is one where small improve- 
ments are significant as trend indications, the ear cannot be 
trusted. 

All these things make the ear unreliable as an instrument 
in the steps of the operation. However, as we have seen, 
in the last analysis we must turn to the ear for a decision. 
The acoustical engineer’s problem then, is to devise his instru- 
ments so that they render their judgments in a language 
which the ear can understand and approve. 

Now let us examine for a moment what it is that the 
average person means when he calls a car noisy. Not merely 
that it makes a noise —it makes enough noise to be apparent. 
All cars make some noise; in fact the average person is 
surrounded by noises, large and small, at all times and he 
becomes somewhat accustomed to them. Evidently this car 
makes more noise than our customer expected. There is a 
useful clue. He is basing his comparison, not on some arbi 
trarily selected threshold of physical intensity, but on his 
experience of the cars that he has known and the noise that 
they have made. This is the basis of a statement that I have 
made elsewhere, namely, that automobiles will never be 
quiet, but must always be quieter. The industry always will 
have this problem before it because the public will measure 
its present success in terms of its past successes and demand 
new progress. 

Now suppose that our customer does feel that this car 
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Fig. 1—Curves Showing How the Intensity Level of 
Pure Tones of Different Frequencies Must Be Changed 
To Maintain a Given Loudness Level 
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is noisier than others. What exactly does he mean? 


Actually 
he may mean any one of a number of things, and it becomes 


our job to find out which one. He may mean, for example, 
that the noise is louder. If we seek to measure the physiologi 
cal sensation of loudness, we find that it depends upon two 
physical quantities — intensity and frequency. At any given 
frequency, the more intense the sound the louder it appears, 
But a sound may be 63 times more intense on the physical 
scale at a frequency of roo cycles than one at 1000 cycles and 
still sound no louder. So we must devise a unit of measure 
ment which will allow for both frequency and intensity. 

Furthermore, equal increases in the intensity — the actual 
energy present in the wave — produce different increases in 
the loudness, depending on how loud the original sound 
was. To illustrate, suppose a man has a 1-lb. weight in his 
hand. He is blindfolded and then another 1-lb. weight is 
put into his hand. He is immediately aware that the weight 
is increased from the sensation in his hand and arm. Now 
suppose that he were holding a 25-lb. weight and 1 |b. 
were added. He would be doubtful as to whether there had 
been any change. If the original weight had been 100 |b., 
the addition of 1 lb. more would never have been noticed. 
In this analogy the actual weights correspond to the intensity 
or energy present in the sound, and the sensation that they 
produce in the hand or arm corresponds to the sensation 
of loudness caused by that sound energy. 
added the same amount of weight, but in one case it was 
very obvious, in the second doubtful, and in the third it was 
not noticeable. 


In each case we 


It will be apparent that, to produce the same increase in 
sensation, it is necessary to increase the weight by approxi 
mately the same percentage, not by the same absolute amount. 
This is what the psychologists know as the Weber-Fechner 
law -—that the sensation is proportional to the fraction of 
the original represented by the increase. This is the basic 
reason why the acoustical engineer, instead of operating with 
simple units like feet or pounds, operates with a logarithmic 
unit, the decibel. 

Each decibel change in a sound represents a certain per- 
centage change, approximately 25 per cent. A decibel is a 
ratio, or a percentage, and has no absolute value of any 
kind. It would be permissible to express the increase in the 
amount of flour in a bin or the dollars in a bank account in 
decibels, if there were any advantage in so doing. The 
acoustical engineer has simple units like pounds and dollars 
at his disposal — watts, dynes, and so on 
because, by so doing, he can come closer to the behavior of 
the human ear. 


but he uses decibels 


When the engineer has cause to believe that the “noisi- 
ness” of a car arises from the loudness of that noise, he 
should measure the intensity of that noise and the frequency. 
He will express the intensity in terms of decibels. Then he 
will make a correction for the frequency because, as we have 
said, the human ear is more sensitive at some frequencies 
than at others. For example, take a sound which has an 
intensity level of 50 decibels above a constant physical thresh- 
old of 0.0002 bars (dynes per sq. cm.). That is a fairly 
comfortable level, such as a temperature of 70 deg. fahr. If 
the frequency is 1000 cycles, the sound will be very apparent. 
But, if the frequency is 60 cycles, it will be barely audible 
and, at 30 cycles, it would not be audible at all. This 
condition is of the greatest significance in motor-car quiet- 
ing because the natural frequency of many of the body 
panels is less than roo cycles and the fundamental firing 
frequency of a four-cycle eight-cylinder motor turning over 
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at, say 1800 r.p.m. is only 120 cycles. It is for this reason 
that most modern noise measurements are made with the 
supplement of a frequency analyzer. If no analyzer is avail- 
able, an arbitrary weighting network may be inserted in the 
measuring unit to imitate the lack of sensitivity of the ear 
at certain very low and very high frequencies. 

Fig. 1 gives the values of intensity level necessary for 
audibility and for different degrees of loudness at the various 
frequencies. This familiar graph has wide significance in 
acoustical work. 

There remains one more necessary conversion before 
intensity levels in decibels can be presented in units that 
the ear will recognize as corresponding changes in loudness. 
The decibel unit enables us to measure the same kind of 
changes which the ear recognizes. But the numerical values 
do not correspond to the sensation. A 60-watt lamp does 
not look twice as bright as a 30-watt lamp, and a tempera- 
ture of 80 deg. fahr. does not feel twice as warm as a 
temperature of 40 deg. Neither is 60 decibels twice as loud 
as 30 nor is 80 decibels twice as loud as 40. Formerly it 
was contended that the human hearing mechanism possessed 
no means of judging relative loudnesses in this fashion, but 
recent experiments have given us a key. In Fig. 2 is shown 
a curve relating levels in decibels to actual loudness changes 
in percentage. 

The relationship, as it is given here, arises from a series 
of experiments recently conducted by the Bell Laboratories 
on the loudness of complex tones.* It was found that this 
relationship checked with considerable accuracy earlier experi- 
ments in which the subjects were actually asked for opinions 
of the loudness changes in percentages. The observers were 
allowed to listen to sounds having known loudnesses in deci- 
bels, and then asked to estimate what change corresponded 
to a certain fractional change in the apparent loudness as 
judged by the ear. These changes were also recorded in 
decibels by the operator. Naturally different observers 
varied in their estimates, but the average of a considerable 
number checked with surprising accuracy. It will be seen 
that, for most of the curve, a reduction of 10 decibels cor- 
responds roughly to a reduction of 50 per cent. in the 
apparent loudness. A reduction of 5 decibels corresponds to 
about a 25 per cent reduction, and so on. This relation- 
ship offers a very useful tool, for these percentage changes in 
loudness represent something which the untrained ear — the 
customer ear for example - can appreciate, whereas, to most 
laymen, decibels are still very confusing. 

It is perhaps justifiable to ask why the acoustical engineer 
uses intensities in watts or intensity levels in decibels at all 
when this scale of units is at hand. The principal reason 
is that this set of units is entirely empirical and has been 
submitted by the Standards Association only tentatively. 
The complete physical explanation of the psychological fact 
here presented is still to be found. It appears more satis- 
factory to adhere to a system of units whose nature we know 
for our calculations and our formulas, and to employ this 
type of loudness conversion as a means of interpreting our 
results in terms of the ear. However, in a study of this sort 
Where we are interested primarily in finding out how to 
explain our results in terms of human hearing, such a scale 
may be of inestimable value. 

Another characteristic of sound that may effect judgments 
of “noisiness” is quality — the number and relative magnitude 





2See the Journal of the Acoustical Society of America, Vol. 5, No. 2, 
October, 1933: “Loudness, Its Definition, Measurement, and Calculation”, 
by Harvey Fletcher and W. A. Munson. 
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Fig. 2— The Curve Shows the Relation Between Loud- 
ness as Measured in Loudness Units and the Loudness 
Level Measured in Decibels 


of the frequencies present. The study of complex tones just 
mentioned’ shows that a noise composed of a large number 
of tones close together does not sound as loud to the ear 
as one in which the tones are relatively far apart on the 
frequency scale. Obviously also, the quality largely deter- 
mines whether the sound is pleasing or displeasing. Usually 
a pure tone is less pleasing than one that carries a number 
of harmonics. A sound in which the various components 
are harmonious is less annoying than one in which the 
frequencies have no simple relationship and hence produce 
dissonance or discord. 

This matter of annoyance also is very closely related to 
the so-called “noisiness” of a sound. It has been amply 
demonstrated that annoyance does not necessarily depend 
upon loudness. Among the factors other than loudness 
which affect annoyance are, as stated, pitch and quality. 
Irregularity, either in occurrence or in intensity, also is a 
factor. It is a curious fact that the annoyance caused by a 
sound is also very intimately related with the hearer’s 
opinion as to whether that sound is necessary. There is 
evidence of this peculiarity in our every-day experience. A 
rattle or a squeak that does not appear to be necessary is 
considerably more disturbing than the ordinary engine noise 
that we always hear, even though this latter noise may be 
considerably louder. Unfortunately, we have no instru- 
mental means of allowing for such uncertain psychological 
factors as this, but some of the other factors mentioned which 
go to make up the annoyance can be measured or estimated. 

Experiments have shown that, for tones of equal loudness, 
those of high frequency are in general more disturbing and 
more annoying than those of low frequency, and this effect 
becomes progressively more pronounced as the frequency 
increases. A good example of this effect is found in work 
reported by Dr. Donald A. Laird, Colgate University, in 
the Journal of Applied Psychology, June, 1933. This report 
discusses the effect of noise upon industrial output and shows 
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the number of production units missed when workers were 
compelled to perform certain operations in the presence of 
various noises. As might be expected, the number of units 
missed increased fairly steadily with an increase in the loud- 
ness of the noise. More interesting was the fact that the 
number of units missed was considerably greater when the 
intensity of the noise was varied rapidly back and forth over 
a range from 50 decibels to 70 decibels than for the case 
where the noise was maintained at an average level of 
60 decibels. This number was even greater than the loss 
observed when the noise was maintained at a constant level 
of 70 decibels. 

Still more interesting were the experiments upon fre- 
quency. In this case the experiments were conducted with 
‘tones of the same loudness level but of different frequency. 
It was found that, for frequencies below 512 cycles, there 
was no very great difference in the output but, when fre- 
quencies above this value were tried, the units missed 
increased quite rapidly. These effects are presumably due 
either to distraction or to fatigue resulting from the addi- 
tional nervous energy required to combat the noise. In 
either case, they are of the greatest interest to the automo- 
tive engineer because both distraction and fatigue tend to 
reduce the efficiency of the driver and interfere with his 
comfort. 

Hale Sabine has worked out a graph showing what might 
be called equal-annoyance contours. These lines connect 
the loudness levels which are supposed to cause equal annoy- 
ance to the average ear. It will be understood that certain 
assumptions are involved in drawing such a graph and that 
it cannot be taken as absolutely accurate. However, it does 
indicate certain well-established trends and is exceedingly 
useful in interpreting noise measurements in terms of 
annoyance. Annoyance is such an elusive thing to measure 
quantitatively that some approach such as this seems highly 
desirable. 

Perhaps a few numerical examples will serve to indicate 
the usefulness of such a graph. Let us assume for the purpose 
of argument that it is desired to obtain a loudness of 50 
decibels in an automobile. This noise will be composed 
of a large number of different frequencies. There are an 
infinite variety of possible frequency spectra which might 
add up to a total loudness level of 50 decibels. Obviously 
some of these spectra will be more satisfactory than others. 
The following table gives 5 spectra, each of which in its 
summation will give a loudness level of 50 decibels. 














Frequency Band A B Cc D E 
0-64 49.0 34.7 49.0 49.0 41.0 
64-128 34.7 34.7 42.5 39.0 41.0 
128-256 34.7 34.7 36.0 36.0 41.0 
256-512 34.7 34:7 29.5 34.0 41.0 
512-1024 34.7 34.7 23.0 33.0 41.0 
1024-2048 34.7 34.7 16.5 33.0 41.0 
2048-4096 34.7 34.7 10.0 33.0 41.0 
4096-8192 34.7 49.0 3-5 26.0 41.0 
Total .. 50.0 50.0 50.0 50.0 50.0 


Lay auditors judging the above spectra would probably 


decide somewhat as follows: 


Spectrum A...Predominantly low notes, not unpleasant. 
B...Predominantly high notes, quite annoying. 
C...A fairly wide range of low notes, not unpleasant. 
D...A general blend — no one group predominant — pleasant. 
E...Many notes present, high groups quite annoying. 
® See the Journal of the Acoustical Society of America, April, 1936; “The 
Technique of Panel-Damping Measurements”, by J. S. Parkinson and 
P. O. Young. 
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Spectrum D probably would be selected as the best as 
there is no one frequency band predominant to the ear and, 
thus, there are no readily identifiable sources of sound to 
cause specific annoyance. 

Each of the loudness levels in spectrum D falls on approxi- 
mately the same annoyance contour. 

Now suppose that we examine a typical frequency 
spectrum as taken from one of the 1935 cars on a road test 
at 40 m.p.h. The following table gives the loudness levels 
at each of eight frequency bands. In the adjacent column 
are set down the desirable loudness levels for lessening 
annoyance as selected from spectrum D. The necessary 
reductions at each frequency band to accomplish this result 
are then given. If we had been seeking merely to attain 
a certain reduction in loudness level without allowing for 
frequency or for annoyance, we might equally well have 
selected spectrum E. The last column shows the reductions 
required to reach spectrum E. 


Frequency) Typical Spectrum Necessary Spectrum Necessary 
Band Level D Reduction E Reduction 
0-64 33 49 41 
64-128 41 39 2 41 
128-256 66 36 30 41 2 
256-512 66 34 32 41 25 
512-1024 59 33 26 41 18 
1024-2048 52 33 19 41 11 
2048-4096 54 33 21 41 13 
4096-8192 44 26 18 41 3 
Total 69.5 50 19.5 50 19.5 


It will be seen that there is a very marked difference in 
the kind of noise quieting called for by the two procedures, 
although both will accomplish the same effect in the loud- 
ness-level reduction and a weighted sound-level meter would 
give the same reading for both spectra, namely 50 decibels. 
However, in the one case, it has been necessary to pro- 
duce a much greater high-frequency reduction than would 
be indicated by the other method, and the reductions at each 
frequency band are greater than those called for by a simple 
loudness-level analysis. Regardless of whether the annoyance 
contours shown are correct in detail and whether the arbi- 
trarily selected goal of 50 decibels is reasonable, this method 
of approach shows clearly that noise measurement and noise 
analysis cannot stop with simple intensity-level measurements 
or even loudness-level measurements in decibels. The 
problem is much more complex. However, the initial 
intensity or loudness-level measurements are necessary, with 
the frequency analysis, in order to interpret our results 
clearly and in order to serve as a basis for final judgments. 

It is not fair to condemn noise-metering equipment because 
it might, as in the above case, give similar results on noises 
that are fundamentally different in their effect upon the 
human ear. The instrumental equipment has done its part. 
It then becomes necessary to use the most enlightened judg- 
ment available in interpreting these results in terms of the 
ear. 

Another type of instrumental measurement which has 
been in use during the past few years is the determination 
of decrement or decay time for different types of body-panel 
damping treatment. In our laboratory we have chosen to 
rate body panels treated with different types of damping 
treatment in terms of the damping coefficient which, in 
turn, is determined by the decrement and by the natural 
frequency of the construction. The details of this method 
of measurement have been presented elsewhere.’ Briefly, 
the method consists of photographing the free vibration of 
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a panel that has been excited by a single shock and determin- 
ing from the photograph the rate at which the vibration 
disappears. This rate, or decrement, is a physical quantity 
whose relation to ear judgments was not at first known. 
A series of experiments was designed to answer this ques- 
tion. Five panels were treated with damping materials of 
various degrees of efficiency, and a sixth was left untreated. 
A group of 16 observers was then asked to estimate the 
order of excellence of the panels. The observers were not 
given any prior instruction as to what they were to listen 
for, but simply told that the treatments were designed to 
make the panels less noisy. In every case the observers’ 
judgments on the panels corresponded to the order of rating 
given by the decrement and damping-coefhicient determina- 
tions. The widest deviation in individual judgments occurred 
in comparing the untreated sheet with the poorest of the 
treated sheets, but the order was not affected. It appears 
from these experiments that this method of rating the panels 
provides an index which not only reports the fundamental 
physical quantities involved but also corresponds with judg- 
ments made by the average untrained ear. 

This discussion has been concerned with the relation 
between instrumental measurements and ear judgments. To 
summarize, it may be said first that noise measurements 
should be made by instruments rather than by ear in order 
to secure greater accuracy and greater consistency. The 
results should be expressed in terms of decibels and should 
be corrected for the variation in ear sensitivity with fre- 
quency. This correction may be made by frequency analysis 
or by introducing arbitrary weighting networks into the 
sound-level meter. The results so obtained should be pre- 
sented in terms of the equal-loudness contours shown in 
Fig. 1. 

We have seen that the “noisiness” of a sound is influenced 
by factors other than its loudness. In consequence, noise 
measurements should be analyzed for irregularity of occur- 
rence and for time variations in loudness or in intensity, 
and those noises which show the greatest variations in this 
respect should be weighted more heavily on the annoyance 
scale. A set of tentative equal-annoyance contours is sug- 
gested for further assistance in interpreting sound-meter 
measurements in terms of psychological factors. A_ brief 
discussion has been given of the relationship between ear 
judgments and panel-damping measurements. It is hoped 
that these various procedures will be of service in predicting 
customer reactions since these reactions must always act 
as our final guide. 





Discussion 





Additional Recommendations for 
Automotive Noise Measurement 
—R. F. Norris 


C. F. Burgess Laboratories, Inc. 


R. PARKINSON’S paper indicates that he believes that sound- 
measuring instruments should be made to make noise readings 
that will correspond with the ear’s judgment of these noises, but he 
40es on to point out that there are no two ears, even on the same per- 
son, that are identical. From this belief it seems that it would be 
better to make sound instruments that record actual sound intensities 
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or sound-intensity levels, the readings of which can be interpreted in 
units that will be roughly comparable to the average ear or to the 
individual ear, a good deal as a great many concerns issue a standard 
catalog containing prices that do not change from year to year but with 
which they send out discount sheets, these discount sheets correlating 
the catalog price with the varying price of materials, labor and over- 
head. 

It is true that the ear is not particularly sensitive to small changes 
in intensity of sound; however, Mr. Parkinson’s statement that it is 
not sensitive to small changes in frequency is a little hard to believe. 
Consider the anguish caused a musician when two notes in a chord 
are only a few cycles out of their harmonic relationships. 

As Mr. Parkinson points out the customer’s ear is, of course, the 
ultimate criterion, and the ear is in fact an unusually -sensitive instru- 
ment. However, it is not supplied with a number that it can assign 
to a sound as is a noise meter and, while the ear may be sensitive, the 
brain is very lax in its memory function and the characteristics of 
one sound — intensity, frequency, and timbre —cannoft be carried over 
a very long period of time by memory. For this reason, if compari- 
sons are to be made on different cars before and after treatment, some 
record must be made which can be filed for further reference and to 
which the difference due to the treatment can be referred. 

When the results of the acoustical engineer’s operations on a car are to 
be studied, not instrumentally but by ear, it is very important that 
observers should be chosen who are not accustomed to the normal 
operation of the car. The reason for this choice is that people who 
are accustomed to a certain car become so callous to the general noise 
that it generates that these noises are actually washed out as far as 
their cars are concerned and the particular noise on which they are 
concentrating is thus magnified many fold. The effect is the same 
as if a band pass filter were inserted in the measuring circuit and 
all sounds except those in a specified range were taken out. 

It is common practice in automotive testing to have the car tested 
both before and after treatment by a testing engineer who has been 
working with that particular car for a period of months and who has 
become so accustomed to its operation that even a minor change in 
its sound characteristics will be particularly noticeable, whereas an 
unaccustomed observer would probably be unable to find the change. 


Effect of Operating Variations on 


Sound Level Studied* 
—Ernest J. Abbott 


Physicists Research Co. 


M** I enter an earnest plea for all investigators to specify the 
reference level and the frequency weighting for all acoustical meas- 
urements? The authors have neglected this point and, hence, comparisons 
with other data are impossible. The accepted value for “zero decibels” 
is 0.0002 dynes per sq. cm.," but certain investigators have used 
0.001 dynes per sq. cm., which is 14 decibels higher. 

The question of the frequency-weighting characteristic of the sound- 
level meter is even more important. The effect of frequency weight- 
ing is particularly important in automotive work because the largest 
components lie between 20 and 150 cycles, where the differences in 
weighting are large. At 60 cycles, the sensitivity of different meters with 
various curves varies by 30 decibels for the same dial reading, and 
this variation may account for large differences among the results of 
various observers. (This 30 decibels difference is due entirely to 
frequency weighting. It is assumed that the readings at 1000 cycles 
are identical.) Unfortunately, there is no way to correct for such 
discrepancies after the measurements have been made. At all events 
the frequency weighting of the meter should be specified when data are 
given. 

Reducing Sound Level.—Mr. Parkinson brings out the point that 
changes in certain components of a sound may produce noticeable 
changes in the quality of a sound to the ear, even though the sound 
level is not affected. His point is well taken; changes in sound 
quality are often important, even though the sound level is unchanged. 
The automotive industry has given much attention to such changes. 

On the other hand, there is rapidly accumulating evidence that 
most observers do not consider quieting effective unless there is an 
appreciable reduction in sound level. In presenting the results of 
quieting to clients in various fields, the typical reaction to changes 
of 1 to 3 decibels is, “we can hear the difference when we listen 





* This discussion also relates to the paper “‘Practical Noise Treatment of 
Automobile Bodies,’”’ by George R. Cunnington, which is printed on pages 
388-393, this issue. 

® See the Journal of the Acoustical Society of America, October, 1933; 
“Proposed Standards for Noise Measurement.”’ 
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Fig. A- (Parkinson and Cunnington Discussion) 
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Sound Levels in a Typical 1935 Automobile Before and After a Change That 


Produced a Marked Reduction of the Noise 


Full lines—concrete road 
(1) Steady speed. (2) Full-throttle 
acceleration. 


(3) Coast. 


carefully, but the reduction is not sufficient to be of commercial 
importance.” Reductions of 5 to 10 decibels are regarded as significant 
and have been obtained on many types of machinery. Such reduc- 
tions are also feasible for automobiles although most experiments 
along this line show disappointingly small effects. For example, Mr 
Cunnington shows only 3 decibels for the complete overall acoustical 
treatment shown in his Fig. 14. 

Fig. A shows the results obtained in a typical car with a combina- 
tion of changes which were designed to isolate the body panels so 
that the sound that radiated from them was reduced. Since the 
sound level in a car depends on the load and road conditions as 
well as on speed, measurements were taken on both concrete and 
gravel roads, under steady speed, full-throttle acceleration, and coast 
conditions. At steady speed on gravel road, frequent “rumbles” were 
observed which averaged 7 decibels than 
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Fig. B— (Parkinson and Cunnington Discussion) — Sound 
Levels in a Typical 1935 Automobile with Various Win- 
dow Openings. 

‘Normal’ condition with left-front window, wide open: 
right-front window, half open; rear windows, open 1 in.; 
windshield, closed. 
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Dotted lines—gravel road 
(5) Full-throttle (6) 
acceleration. 


(4) Steady speed. “Rumble” on 


steady speed. 


Coast. (7) 


reading between rumbles. Accordingly, curves are plotted for both 
“rumble” and ‘steady’ readings on gravel. 
It will be observed that the sound level 


decibels under all conditions. 


was reduced from 5 to 10 
This reduction produced a very marked 
quieting as heard by ear. In general, the greatest reductions were 
obtained at the higher speeds. The spread of values for various 
conditions at a given speed was also less. Perhaps the outstanding 
effect was on the gravel-road rumble which, for practical purposes, 
was entirely 30 m.p.h. Although 
an experimental set-up to test the principles involved, it appears that 
fully as great effects are feasible in production. 

Windage Noise.— As shown in Fig. 17 of Mr. Cunnington’s paper 
(see page 393, this issue), the sound level in present-day cars ranges from 
about 70 to go decibels. While not so stated, these data were probably tor 
concrete road with all car windows closed. The data of Fig. A also were 
taken with all windows closed. Until automotive air conditioning becomes 
a fact, it is likely that most cars usually will be 


missing at speeds above this was 


operated with one or 


more windows at least partially open. Fig. B shows measurements 
taken in the typical car previously mentioned with two conditions of 
window opening. With open windows, the sound level at all points 


in the car varies rapidly and erratically over a wide range of 10 to 20 
decibels. Consequently, the curves in Fig. B show well 
values. These measurements are not susceptible to as 
accurate repetition as are those with windows closed, but the results 
are believed to be typical. 


ranges as 
as average 


Moderate window openings increase the average levels only a few 
decibels, but under typical summer conditions at ordinary speeds 
on concrete road, instantaneous levels approaching 100 decibels are 
quite common. These are very loud sounds on any basis of judg- 
ment. Table A gives a few typical noises for comparison. 

Table A-—Some Typical Sound Levels 
Interior drop-forge plant ..................-- 105 decibels 
1935 automobile on concrete road, windows 
open, 50 m.p.h., instantaneous levels ....... 80-98 decibels 
Same as above, windows closed .............. 84 decibels 
Typical vacuum cleaner in ordinary living room 63 decibels 


Forge plant at 1144 blocks (neighbors sued on 


account of excessive noise) ............... 48-52 decibels 
Domestic refrigerator in typical kitchen...... 41 decibels 


If automobiles are to be 


operated with windows open, it appears 
that one of the most promising methods of quieting would be 


“streamlining.” It may well be that streamlining for quietness will 
be far more important than for appearance or fuel economy. 

Sources That Determine Sound Level and Sound Quality. —'The three 
primary sources of noise in “road,” 
and engine. Under different ma\ 


predominate and determine 


present-day windage, 
the three 


example, in_ the 


cars are 
any one of 


For 


conditions 


the sound level. 
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1, the engine noise determines the level on {ull- 
road noise determines the 
road at steady speed, and windage determines the level when the 
windows are open. The windage and road noise are predominantly 
unpitched sounds, and the engine noise also contains much unpitched 
sound. Accordingly, both the sound level and the quality of the 
noise in present automobiles are determined by the unpitched com- 
ponents of the sound. 

For example, the combined sum of the musical components :hown 


car shown in Fig. 
throttle acceleration, the 


level on gravel 


in Mr. Cunnington’s Fig. 15 is 62.6 decibels for car “A,” and 56.5 
decibels for car “B.’’ At a normal car level of say 80 decibels, these 
components would contribute less than o.1 decibels to the sound 
level and, under most conditions, their presence or absence would 
hardly be detectable by ear. Certainly neither the level nor the 
quality of the sound would be determined by these components. 


Accordingly, one needs more than 
shown to determine the components 
one hears when he listens to the car. 

Ordinarily, one thinks of the noise of a car as more or less of a 
single quantity. The authors already have pointed out the complexities 
of the acoustical spectrum and the change of noise with speed. The 
data in Figs. A and B show that changes in the sound level of a 
given car with variations in load, road, and window opening are 
fully as great as the differences between the noisiest and quietest vars 
cited by the authors. If an investigator is careless with his com- 
parisons, this variation sometimes accounts for the large effects shown 
in certain experiments. 

The Role of Measurements in Quieting. — From the authors’ descrip- 
tions it readily will be appreciated that it takes much longer to measure 
the noise of a car than it does to listen to it. The point also has 
been emphasized that any practical job of quieting must be appreciable 
to the ear before it is worth while. The question then arises, “Wherein 
lies the saving in using instrumental measurements of sound?” ‘The 
answer is very simple. The advantage lies in the fewer experiments 
required to achieve a given result and the savings represent the experi- 
mental construction that is avoided. Since experimental construction 
is very slow and costly, the savings may be very large. 


frequency analyses of the 
responsible for the 


type 
impressions 


A Survey of Air 


—_rleshingenagah ag as it 1s, fear is the major deterrent to 
mass use of the airplane today. The public is always 
reluctant to take up something new, and especially a form of 
transportation which, for the first time, asks people to get 
off the ground. 

The airplane really has a splendid sales argument for busi- 
ness men particularly when, for example, it can offer a 4-hr. 
flight between Chicago and New York at an overall cost less 
than is charged by the extra-fare trains, and when the air- 
plane transports people from New York to any point on the 
Pacific Coast overnight. Along with this speed has come 
greater comfort. Beating down the sales resistance caused 
by lack of knowledge of the airplanes’ dependability is a real 
task for the industry. 

It is reasonable to believe that, with the steady year-by-year 
growth in air travel coupled with the tremendous impetus 
which wul be given to it by the introduction of the 40-pas- 
senger airplanes and the steady improvement in flying tech- 
nique and safety we are now recording, prior to 1940 the 
airlines will be carrying a volume of business which, in my 
opinion, will be surprising even to the optimists. 

The airlines have only scratched the surface of passenger 
and express business. In 1935 they were carrying only 3 per 
cent of the Pullman passenger- miles. Air express has trebled 
in two years. With the unification of the air-express facili- 
ties in February of this year, the groundwork has been laid 
for a great growth in movement of packages by air. 

It took the airlines seven years to sell as many as 350,000 
tickets in one year. This year they probably will sell nearly 
a million tickets. It is getting less and less difficult to con- 
vince a fair-minded person about the advantages of air travel. 
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In attempting to quiet machinery on the basis of ear listening, it 
is usually found that most of the experiments are inconclusive. Some- 
times there is a little difference in the sound, but seldom is it enough 
to be commercially attractive, and one makes experiment after experi- 
ment in the attempt to obtain a worth-while combination. This 
procedure involves many experiments, with brief observations on 
each. 

An individual method naturally follows the 


used to this same 


procedure with sound measurements. He sees no point in spending 
half a day taking measurements on a machine which his ears tell 
him in half a minute is no improvement. Says he: 


“Why measure noisy machinery? Let us wait until we obtain one 
that our ears tell us is better and then measure that. If we spend 
all this time measuring noisy machines, we can never carry out all 
the experiments I have in mind.” 

This reasoning sounds logical enough, but it practically precludes 
any benefits from measurements and in many, many cases it has Jed 


to endless experiment with little or no results. After all, there is 
little point in using instruments to confirm a quieting which jis 
already apparent to the ear. If ear and meter agree, it confirms what 


we already know; if they do we will believe our ears 
anyway. 

As stated previously, the savings from sound measurements arise 
from a reduction in the number of experiments. Ili proper measure- 
ments are taken, it is not necessary to make two or three dozen experi- 
mental set-ups to find out that they are no good. It can be told 
beforehand from measurements. One can know just which sources 
must be quieted, which components are important, and how the 
sound reaches the point where it is heard. On the basis of this 
information, the most economical means of quieting can ‘be determined. 
Experiments should be planned with measurements in mind instead 
of vice versa as is often the case. At best, measurements run into 
a great deal of time but, if they are properly used, experimental con- 
struction often can be reduced by a factor of 10 or more, and large 
savings achieved. Noise jobs that defied “try-and-listen”” methods for 
years have been rapidly and economically solved with the aid of 
acoustical measurements. 


not agree, 


Trans portation 


The airlines are cooperating, in view of the vigor and com- 
petition of such a new industry, in useful ways -—in inter- 
change of business and information in off-line territory, 1 
uniform baggage and excess-baggage requirements, in oe 
ing of refunds, in sale of interchangeable scrip, in permitting 
diverse routings on round-trip tickets, in use of common 
terminals, in airport-to-city bus facilities, and so on. There is 
also a trend away from too-competitive advertising, the trend 
of efforts today being to put people in the air. 

The airlines are fitting themselves into the transportation 
scheme of other carriers, such as rail and steamship lines, hav- 
ing trafic agreements with these other forms of transporta- 
tion as well as with foreign airlines. This Fall it will be pos- 
sible to walk into an airline office in the United States and 
purchase a ticket for an airplane flight around the world — one 
ticket —one reservation. 

The airplane is not 100 per cent competitive with the rail- 
roads. It creates new travel, just as did the automobile. 
Furthermore, the airplane factories and the airlines them- 
selves are large contributors to the railroads’ freight revenues. 

This year marks the first organized airline effort to interest 
the vacation traveler by appealing to him to see America from 
the air. Unquestionably, the vigorous advertising plea to 
people to “see Niagara from aloft,” or “the Grand Canyon, 
Boulder Dam, the Sierras, the Columbia River country, or 
fly to the National Parks,” is beginning to create a desire on 
the part of many people to make their next trip by air. 

Excerpts from the paper “A Survey of Air Transportation” 
by W. A. Patterson, president, United Air Lines Transport 
Corp., presented at the Semi-Annual Meeting of the Society, 
White Sulphur Springs, West Va., June 3, 1936. 


October, 1936 





Mir are, Pe waa 


i 
+ 
i 
; 
' 
i 








Practical Noise Treatment of 
Automobile Bodies 


By George R. Cunnington 
W oodall Industries, Inc. 


HE noise problem in the automobile body is 

complex and encompassing due to the fact 
that no single angle of attack is either complete 
or by itself sufficient to produce the desired re- 
sults. Such results must be in the final analysis 
appreciable to the passenger’s ear. 


For practical purposes and to meet the require- 
ments of the industry, the problem has been divi- 
ded into two parts: 


(a) To secure better results or greater improve- 
ments, for the same cost or less, by finding the 
best materials suitable in the general body-insula- 
tion practices of today. 


(b) To secure a complete and well-balanced 
job, involving a broader application of materials 
found to be most practical and economical, or to 
develop unusual products possessing unusual 
properties and larger capacities to function prop- 
erly under given conditions. 


The instruments and very thorough method 
used are just means to an end, as in other fields 
of research or experimentations in which so 
many here have played a part. Or we may say 
that he who rides and hears, may also ride and see 
what he hears, and what we see can readily be re- 
corded accurately. 


try in the noise or acoustical treatment of automobile 

bodies, we keenly desire to be of help and value in the 
practical application of acoustical materials. In order to render 
this type of service we have not set up a “University of 
Sound,” for we would not know how to operate it. Nor do 
we propose to fill the role of acoustical authority, but have 
equipped ourselves with that which, after several years of ex- 


soe to be of service to the automobile indus- 





{This paper was presented at the Semi-Annual Meeting of the Society, 
White Sulphur Springs, West Va., June 1, 1936.] 
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perience, we feel is the best practical and up-to-date equipment 
available, so that your acoustical problem as it pertains to auto- 
mobile bodies may be investigated and worked on. 

We wish to express our appreciation to that group of men 
who, by their incessant work in laboratories and by their 
teaching, have laid the foundation for our work; also to those 
men who have developed the instruments and devices which 
are now our tools, just as the dynamometer, micrometer, Rock- 
well tester, and so on, are daily tools of the automobile 
engineer. 

For practical and economical purposes and to meet the 
requirements of the industry, the problem of acoustical treat- 
ment has been divided into two main parts: first, to secure 
the best results or an improvement for the same or lower cost 
(within the present appropriation for acoustical treatment) by 
finding the best materials or combinations of materials now on 
the market suitable for today’s general practices of body in- 
sulation; second, to secure a complete and well-balanced treat- 
ment involving a broader application of materials found to be 
most practical and economical, and to develop new products 
possessing unusual properties and capacities to function ade- 
quately under given or known conditions. 

The noise problem in the automobile body is complex and 
involved, primarily due to the fact that no single angle of 
attack, or generous application of one kind of material, is 
sufficient or will by itself produce the desired or balanced 
results. Such results must be appreciable to the passenger's 
ears. Nor will a certain kind of material that has performed 
well in one make of car necessarily produce the same results 
in another. 

Several concerted angles of attack are necessary, chiefly 
due to the fact that the noise is made up of a number of 
individual frequencies of different intensities, emitting from 
different panels or areas with varying intensities. Noise can 
be likened to a chemical compound: we know little about 
it unless we analyze its ingredients as to kind and quan- 
tity. So with noise, we analyze to find the audible fre- 
quencies and intensities that give us a fairly clear picture 
or diagnosis called a frequency spectrum. We term it 4 
fairly clear picture because in some cases there are unpitched 
noises that cannot be analyzed and are termed corruption; 
these noises can be located within certain limits by the use 
of band pass filters. 

Fig. 1 represents a sound spectrum of the noise trom an 
electric buzzer at 3 ft., showing the great number of indi- 
vidual frequencies by the position of the uneven vertical 
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lines on the abscissas and the intensity or strength of each 
frequency by the height on the ordinate which is in decibels. 
Notice here in particular for consideration later on, that most 
of the frequencies are about 500 cycles per sec. and that those 
below this value do not amount to much either in number 
or intensity. If ever automobiles are built which produce 
a noise spectrum such as this, it certainly would be a simple 
job to handle. 

Although the basis of attack on our main drive is the 
spectrum analysis, we use it in two forms: first, an analysis 
of the air areas of the passenger positions; second, an analysis 
of the panels and floors. Total noise-level measurements 
are also used as explained later. After we have secured all 
this data you might say, “Well, the work is about over.” /¢ 
has just started. 

Here in Fig. 2 is an illustration showing on the right-hand 
portion the coefficient of absorption of twelve different ma- 
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terials chosen from a great number and representing all 
degrees of efficiency whereas, on the left-hand portion, the 
connected numbered circles show the frequencies that are 
found in most cars. The numbers within the circles on the 
left indicate the speed of the car, that is, at 40 m. p. h. there 
are bad frequencies of 30, 50, 90, 120, and 180 cycles. These 
numbered circles are not plotted against coefficient of absorp- 
tion; they do, however, indicate their relative intensity. 

What can we do? Slide the coefficients of absorption to 
the left so as to bracket the frequency range in the car? No, 
we would like to, but we cannot do that. Move the fre- 
quency network to the right or raise the frequencies and use 
these good absorbers—lots of them on the market—then our 
job would be over. But that would hardly be the correct 
way to proceed. These absorbers, even though they do not 
look so promising, are worth something, and lots of money 
has been spent to find and verify their coefficients. They 
are O. K. Let us use them to the best advantage but, before 
we can use them intelligently, we must do a little road work 
to find out where and how to place them so they will do 
the most good. 

Since the spectrum analysis shows at what frequencies 
the sound energy is largest and is the foundation of our 
work, I will explain the road equipment and method used 
in obtaining it. The road conditions during our tests are as 
near standard as possible, that is, for a smooth road we use 
a concrete one having a fairly level stretch with very little 
expansion-point disturbances and of such a length as to per- 
mit a complete run at a given speed in one direction. Such 
things as wind velocity and direction, tire pressure, car mile- 
age, and the amount of gasoline are checked and recorded 
before and at the end of each run. A run is always made in 
the opposite direction so as to arrive at a fair average. The 
runs are at constant speeds generally, of 30, 40, 50 and 60 
m. p. h. but, in some investigations, other speeds are chosen. 

The car is driven at a steady rate, for example at 40 m. p. h., 
and the sound-level meter and a frequency analyzer shown 
in Fig. 3 are used. With the instrument on the left and 
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Fig. 3—Noise Meter (left), Microphone (center), and 
Frequency Analyzer (right) 


Fig. 5— Laboratory Equipment and Entrance to Sound 
Room 


Fig. 7— Another Oscillator and Loud Speaker 


audible frequencies of the spectrum. Then the frequency 
analysis is started by dialing the frequency selector of the 
analyzer on the right in Fig. 3 and the attenuator of the 
noise-level meter so as to get a peak on the indicating meter 
at which point the intensity in decibels and the frequency 
selector dial are read. Continued dialing in this mannet 
secures the complete spectrum for that microphone position 
and car speed. 

After a frequency analysis of the air is taken at various 
locations, the vibration-velocity unit shown in Fig. 4, an 
electromagnetic device for transforming mechanical vibra 
tions into voltage variations, is connected to the sound meter 
and frequency analyzer; then, by holding the point or contact 
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Fig. 4— Vibration Pick-Up Unit with Contact Point on the 
Left End Which Is Held on the Vibrating Panel 


Fig. 6— Oscillator, Amplifier, and Loud Speaker Used to 
Generate Sound in the Laboratory 


Fig. 8 — Oscillograph Used in Laboratory 


rod on various spots on the floor, panels, windows, and so 
on, the vibration characteristics of the panels are taken, which 
characteristics are converted into amplitude. This procedure 
is mecessary so as to associate or connect those high-intensity 
frequencies found in the air with the offending area or 
panels. 

The data thus collected are plotted so as to give a com 
plete acoustical picture of the entire body; these data con 
sist of total noise reading in the various zones, the frequency 
spectrum which indicates what the passenger actually hears, 
and the associated study of the panel and floor vibrations. 
With this complete picture the problem is considered from 
the standpoints of laboratory data on various materials; the 
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Fig. 9 — Effect of Dampening a Metal Panel by Mechanical 
Resistance (Stiffening) and by a Viscous Material 


° viscous material 
_ heavy, stiff or rigid material 
v light, stiff or rigid material 


installation angles that may arise in production; what experi 
ence might suggest as to the needs of more unusual material 
or combinations of materials; which type of an acoustical 
installation to use; whether the greatest returns would be in 
the form of a barrier to transmission or of an absorber. 
What efficiency range to use? If to dampen, should it 
be by stiffness, that is, mechanical resistance, or by mass and 


viscous materials with different hysteresis effect or lag. 





Fig. 10 — Investigators Finding Dash-Panel Characteristics 
with Motor Running 


Fig. 11— Vibration Pick-Up Unit Held on Floor 


Fig. 12—Instruments in Rear of Car 


Laboratory equipment is essential so we constructed a 
sound room, shown with open door in Fig. 5, and with the 
hecessary apparatus and equipment, some of which, shown 
in Fig. 6, consists of a frequency oscillator, amplifier and 
loud speaker to generate sound of any frequency or intensity. 
In Fig. 7 is shown another oscillator and loud speaker, and 
Fig. 8 illustrates an oscillograph. With this equipment we 
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have conducted thousands of tests on commercial materials 
and combinations of materials, and have built and tested new 
and unusual materials with very promising results. We have 
studied the effect of altering or changing the structure ol 
materials just as a metallurgist investigates and changes his 
metals. 

Measurements of the coefficients of absorption and study 
of the performance of the conventional fiber type of porous 
materials have pointed to the great need and value of the 
principle of diaphragmatic-dissipation, especially in the lower 
frequency ranges found in the car. Diaphragmatic-dissipa 
tion is now used successfully in the form of an enveloped 
absorbing material. To one side of the envelope is cemented 
a heavy material with certain dampening coefficients chosen 
to meet the frequency range involved. It is essential that 
there be freedom of movement between the envelope and 
the enclosed absorption material; also it appears that the 
external diaphragm is much more efficient, due to its free 
dom, than one contained within the absorbent. Frequency 
analysis makes possible the intelligent use of this principle 
in that the diaphragm can be constructed or tuned to high 
cfhciency in certain ranges of frequency shown only by 
the noise-spectrum analysis. Also with compact materials 
efforts have been made to change the radiation resistance and 
reduce reflection by surface modifications. In addition to our 
cwn laboratory work, considerable work has been, and will 
continue to be carried on by the various Nationally known 
laboratories. 

The coefficients of absorption on the right-hand side of 


Fig. 2 previously discussed are typical laboratory findings. 
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Fig. 13-— Frequency Analysis of Localized Treatment in 
the Upper-Rear Quarter of a Car 





Fig. 14-— Results of a Complete Overall Acoustical Treat- 
ment 


Fig. 9 shows, by one method of laboratory tests, the effect 
of panel dampening using two materials which lend or 
embody stiffness or mechanical stiffness, one of which was 
heavy and the other light in weight. Here also is seen the 
effect of a viscous material and mass. 

Analyzing the data on the car secured by thorough road 
testing and reviewing all available information in regard to 
materials, a treatment is arrived at and installed in the car. 
Road tests are again conducted to see what changes have 
taken place, both as to localized effect and total overall body 
improvement. 

Fig. 10 shows the noise-level meter and frequency analyzer 
with vibration pick-up unit held on the motor side of the 
metal dash to find its vibration characteristics with the motor 
running. This search is made over the entire car panels and 
floors as shown in Fig. 11. Fig. 12 shows the instruments 
in the car with the investigator holding the microphone over 
the floor area. Fig. 13 shows the results from installing three 
different upper-rear-quarter treatments and, although it was 
almost impossible to measure the difference in the center 
of the car at ear level, these measurements were taken close 
to the area treated and show clearly their respective value 
in that localized area. I would like to add here that, although 
this type of localized treatment could be thrown away on 
a basis of just total noise measurement, a big mistake may 
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be prevented by frequency analysis, and also that the added 
effect of these small local gains to the larger gains really 
make a great difference. 

Fig. 14 shows the results of analyzing a car and applying 
an overall treatment. This difference or improvement, as 
indicated, is readily noticeable to the ear, and not necessarily 
the ear of a trained observer. Position 4 on the vertical solid 
lines indicating individual frequency shows the intensity 
of each frequency, while 4 on the vertical broken line to the 
left shows total noise measurements of the car at passenger 
ear levels in a standard car. Position B, like the foregoing, 
indicates the improvement in total noise on the left, and the 
improvement of each individual frequency on the solid verti- 
cal lines. 

Fig. 15 shows the graph or results in Fig. 14 weighted to 
ear response and shows more effectively the improvement as 
it actually appears to the ear. 

Fig. 16 shows the measurements of two different makes 
of cars in which the frequencies were pretty much the same 
and which frequencies for comparison here, have been plotted 
as the same. The graphical results shown here represents 
a difference that is so outstanding to the passengers’ ears that 
they would without hesitation say that one is a noisy car 
and the other quiet. 

Fig. 17 is a typical graph, the like of which you no doubt 
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Fig. 15 — Weighted Results of Fig. 14 Showing Improve- 
ment as It Appears to the Ear 
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Fig. 16 - Comparison Between Two Cars, One Very Quiet, 
the Other Noisy 
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Fig. 17— Noise Level in Different Makes of Cars 


have seen many times. Much like some efficiency graphs 
of absorption materials, it appears to state that Car No. 1 is 
noisier than Car No. 2, and so on. This condition is true 
only in so far as the total noise is concerned, but the graph 
does not tell the quality or the real effect upon the passengers’ 
ears as to whether to them it is noisy or otherwise, or which 
car is the noisier to the ear. 

To solve the problem completely we must determine the 
properties of the vibrating system (the entire car body), the 
reaction of the vibrating system or parts of the system upon 
and within the air column in the body, and the properties 
of materials in this environment which in any way may affect 
the propagation of acoustical energy. 

It is obvious that even today there is no short-cut to the 
practical application of the acoustical science and of materials 
in the noise treatment of automobile bodies and that, as our 
work constantly progresses, with the cooperation of the auto- 
mobile industry and material producer, the mystery and haze 
that unfortunately has enveloped this increasingly important 
subject will be cleared. 


Discussion 





Questions Sound-A bsorbing 
Materials on Vibrating Panels 


—R. F. Norris 


C. F. Burgess Laboratories, Inc. 


R. CUNNINGTON has pointed out that the acoustical materials 
on the market are not particularly efficient in the low frequencies 
and that the lower frequencies are the ones usually found in automotive 
work. As a consequence he suggests that the placing of these 
materials at points where the sound level is high, particularly on 
vibrating sections of the body, will make the materials more effective. 
We have been unable to substantiate this contention in our labora- 
tory work. We find that, when a panel is strongly driven, the appli- 
cation of a sound-absorbing material to the surface has very little 
effect on its radiation of low frequencies. 
His procedure of analysis is very commendable. 


After such an 
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analysis is completed, it is usually found that the problem of eliminat- 
ing the low-frequency noises that are so disturbing in the modern 
automobile bodies can be attacked in two ways —one is the scientific 
damping of the offending or vibrating panels and the other is by 
more strict attention to design with the possibility of sound transmis 
sion kept in the foreground. Neither means is applicable alone but 
both must be taken into consideration to effect a job that will b 
thoroughly satisfactory. 

We have found in the laboratory that the application of materials 
to vibrating panels, be they either sound-absorbing materials or 
plastic materials which load the panel severely, has very little effect 
on the amount of sound generated by the panel but rather influences 
the frequencies of the sound, the heavier materials lowering the fre- 
quencies quite considerably and the lighter sound-absorbing materials 
having practically no effect on them. 

We have tried to find the effect of diaphragmatic dissipation but, 
either we are inexperienced in the application of the materials that 
are supposed to cause this phenomenon, or else its effect is so small 
that we have been unable to measure it. 

The only successful method that we have found of damping panels 
is to apply to them a device that acts very much as a snubber on a 
spring and allows the panels to move in one direction freely but 
snubs them when they try to move in the opposite direction. A 
construction of this kind does have a very great effect on the amount 
of sound produced by the panel. 

In conclusion, Mr. Cunnington more or less points the finger of 
scorn at an overall sound measurement made at the observer’s head 
position. This opinion, I think, is a little unfair since such measure- 
ments made with reliable instruments and corrected for the sensi 
tivity of the average ear are quite informative and indicate exactly 
what the passenger will hear at this point and, as pointed out in 


Mr. Parkinson’s paper, the ear of the passenger is the criterion which 
we must all meet. 


Additional discussion of Mr. Cunnington’s paper by Ernest 
]. Abbott is published on pages 385-387, this issue following 
the paper, “The Ear as a Noise-Measuring Instrument” by 
John S. Parkinson, as it also relates to this paper. 


Cooling Streamliners 


EVELOPMENT of the light-weight Diesel engine, the success of 

air conditioning, the steady research and development in the 
metallurgical field, the availability of many new manufacturing proc- 
esses, and the studies in streamlining, all have contributed to lay the 
foundation for the high-speed train, giving the railroads the means to 
combat their competition. It has given them the opportunity to offer 
their clients faster transportation, greater conveniences and comfort, and 
better service at lower operating cost. 

It is my intention to tell you about the water-cooling and oil- 
temperature-regulating system for the engines of these streamliners. 

We probably would assume that the radiator would be out in front 
of the car as is conventional for the average automobile, taking advantage 
of road speed for air travel through the radiator; yet space requirements, 
compact car design, and general arrangement of parts made this arrange- 
ment prohibitive. A very large cooling surface is required and a less 
conspicuous and more convenient place had to be looked for. The 
radiator itself had to be of sturdy design, yet of relatively light weight; 
it had to withstand continued vibration and severe jolts and impacts at 
sudden application of brakes for stops and during switching operations. 
The speed of these trains increased the road shock and vibration to be 
sustained many times. For instance, the equipment must stand many 
more road shocks per hour due to the increased speed and the many 
more shocks sustained in passing over rail intersections. At 75 m.p.h. 
this rate amounts to 96,000 shocks or vibrations per hr.; at 80 m.p.h., 
102,400 shocks per hr.; at 90 m.p.h., 115,200 shocks per hr.; and, at 
100 m.p.h., this rate amounts to 128,000 shocks per hr. or, on a 
basis of yearly operation, figuring 10 per cent lay-over, 409,547,520 shocks 
per year. 

These units must be built to stand this gruelling service in all their 
component parts. Many technical difficulties had to be solved with 
reference to the ingress of cooling air and exhaust of the heated air. 
Precautions had to be taken to prevent freezing of the water in low- 
temperature weather, and the supply of cooling air had to be regulated to 
maintain a certain temperature range under extreme weather condi- 
tions. Radiators are now installed normally overhead the engine. 

Excerpts from the paper “Cooling Streamliners” by F. M. Young, 
president, Young Radiator Co., presented at the Semi-Annual Meeting 
of the Society, White Sulphur Springs, West Va., June 4, 1936. 
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Manufacturing Phases of Metal- 


Aircraft Construction 


By Fred W. Herman 


Assistant Chief Engineer, Douglas Aircraft Co., Inc. 


HE introduction to this paper includes defini- 

tions of the major items under discussion, and 
is followed by a discussion of the materials most 
widely used in metal-aircraft construction and 
their important physical properties. 


In the remainder of the paper are described some 
of the problems encountered in metal construc- 
tion and the processes that have been developed 
to facilitate manufacture. 


The following specific items are discussed: (1) 
Design, (2) Tooling, including lofting, (3) Fabri- 
cation, (4) Assembly, (5) Inspection, and (6) 
Protective coating. Special equipment and tools 
are illustrated. 


, | YHIS paper is intended to describe the more common 


types of metal-aircraft construction and to discuss prob 

lems that are peculiar to the processes involved. The 
term “metal construction” as applied to aircraft is at present 
usually accepted to mean a stressed-skin structure of alumi 
num alloy and, although this definition is not very precise, 
it has that authority which general usage gives. The type 
of construction wherein the skin is stressed in tension and 
compression due to bending and also carries shear load may 
be called the pure monocoque; and the type that employs 
beams or a trussed structure to take bending, while the skin 
is stressed in shear only, can be classed as semi-monocoque. 
The box-beam wing combines features of both types. 

The wing of the Douglas DC-2 transport may be taken 
as an example of pure monocoque construction. The bend 
ing load is taken by the skin which is reinforced by means of 
longitudinal stringers of extruded bulb angle section. Three 
vertical webs, which connect the upper and lower surtaces, 
take the horizontal shear while intercostal ribs maintain the 
contour. The skin is stressed in shear due to drag loads and 
also due to torsional deflection. 

The Douglas DC-2 fuselage is also an example of pure 
monocoque construction. The skin and attached longitudinal 


{This paper was presented at the Semi-Annual Meeting of the Society, 
White Sulphur Springs, West Va., June 4, 1936.] 
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stringers take the compression and tension due to bending, 
and the skin is stressed in shear due to torsional loads. Ring- 
type frames reduce the column length of the stringers and 
also maintain the contour. The wing of the Lockheed 
Electra may be used to illustrate the semi-monocoque type. 
This wing has a single beam to carry bending while the skin 
takes drag and torsional loads. The wing of the Boeing 247 
is similar except that it has two beams. 

The materials used at the present time almost to the 
exclusion of all others for stressed-skin metal structures are 
17S and 24S alloys of the Aluminum Co. of America. Addi- 
tional symbols are added to the alloy designation to specify 
the condition of the material. The letter “O” indicates that 
the material is in the soft or annealed state, while “T” identi 
fies it as heat-treated. If the material has been cold-worked 
by rolling after heat-treatment the identifying symbol is 
“RT.” Cold-working gives a small improvement in physical 
properties as shown in the table below. The following are 
the physical properties generally accepted for design: All 
values are in pounds per square inch. 


Ultimate Yield Bearing Shear 
Tensile Point 
17SO 25,000 9,500 
17ST 55,000 32,000 75,000 27,000 
17SRT 58,000 43,500 
24SO 25,000 9,500 
24ST 62,000 38,000 g0,000 30,000 
24SRT 65,000 50,000 94,000 32,000 


The ductility or “workability” in the heat-treated state 
varies in inverse order to the physical properties. Straight 
breaking operations over large radii and light forming can 
be done on the heat-treated stock, but all severe forming is 
done in the annealed state. A short description of the heat- 
treating procedure will help to explain some of the manufac 
turing operations. 

The material is heated to heat-treating temperature, 930 deg. 
fahr. to g50 deg. fahr. for 17S alloy, and gto deg. fahr. to 930 
deg. fahr. for 248, and then quenched, preferably in cold 
water. However, the final physical properties are not attained 
immediately but are acquired gradually during what is known 
as the “aging” period. At room temperatures aging pro- 
ceeds rapidly at first and then at a gradually diminishing rate 
until it is practically complete at the end of three or four 
days. Forming can be accomplished within the first hour 
or two after quenching, although severe forming is usually 
done within the first half hour. The aging process can be 
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greatly retarded if the material is held at a low temperature. 
{t held at the temperature of melting ice, the material will 
remain soft enough for severe forming operations for 24 hr. 
However, aging starts immediately when it comes to room 
temperature. Since there is considerable tendency to warp 
during heating and quenching, advantage is often taken ot 
this period of ductility after quenching to re-shape parts. 

The alloys discussed previously are obtainable in sheet 
form with a thin coating of pure aluminum rolled on each 
side and, when so treated, the alloys are carried under the 
trade name of Alclad. The aluminum coating affords a much 
higher resistance to corrosion than does the base alloy. The 
sheets are finished in standard gages, and the thickness of 
the aluminum coating is such that the tensile strength of 
the sheet is reduced about 10 per cent from that of a sheet 
of the same thickness of the straight alloy. Alclad material 
is formed and heat-treated exactly the same as the uncoated 
material, although some care should be exercised to prevent 
scratching or abrading through the aluminum surface. 

Extruded sections of aluminum alloy are coming into very 
general use as integral parts of stressed-skin structures. The 
Aluminum Co. has dies available for a large variety of sec- 
tions and will make them up to order for any special shapes. 
Extruded shapes are particularly adaptable as cap strips and 
longitudinal stringers. 

Aluminum-alloy sand castings are widely used in aircraft 
construction because of their low cost and great adaptability. 
It is possible to make the most intricate fitting at a small 
expense in the form of a sand casting. These castings are, 
however, quite uneconomical from a design standpoint as the 
physical properties are low, and both the military services and 
the Department of Commerce require a 100 per cent margin 
of safety on all sand castings used where a failure would 
jeopardize the safety of the airplane. 

Die castings of aluminum alloy have a number of points 
of superiority over sand castings trom a design standpoint. 
The physical properties are considerably higher, the cast- 
ings are more uniform, and much thinner sections can be 
made than are possible from sand castings, permitting of 
more economical design. Die castings have the additional! 
advantage that the part as it comes from the mold is accurate 
to very close tolerances, which precludes the necessity for 
machining except in cases where extreme accuracy is required. 
The main disadvantage is the die cost which is prohibitive 
except where a great many parts are required. 

Aluminum-alloy forgings are satisfactory tor highly stressed 
fittings where the quantity is sufficient to cover the die cost. 
Forgings 
machinit 


are quite accurate and require a minimum ot 
ig. 

Let us next discuss some of the problems peculiar to 
stressed-skin construction and the processes that have been 
developed to facilitate manufacture of this type of structure. 
The discussion of design problems will be quite brief as the 
paper is devoted chiefly to manufacturing phases. 

One troublesome feature of designing a monocoque struc 
ture is the difficulty of handling large concentrated loads 
such as those due to landing gears and engine mounts. A 
great amount of care must be exercised to assure that these 
loads are distributed thoroughly, otherwise local buckling 
will occur. Another difficulty that arises is due to the fact 
that a flat panel of thin skin shows shear wrinkles under a 
relatively small unit stress. Although the actual shear deflec- 
tion may be very small, the wrinkles appear quite pro- 
nounced under certain conditions of light and the psychologi- 


cal effect on the crew and the passengers is bad. If the flat 
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panel cannot be avoided, a diagonal stiffener riveted to the 
inside of the skin will be of much help. It is usually neces 
sary to locate the offending panels in flight as it is quite 
impossible to predict where a series of wrinkles will occur. 
Lofting.— The art or process of lofting has come into gen- 
eral use in the aircraft industry in connection with metal 
construction. It has long been an essential part of ship-build 
ing practice and may have been introduced into metal-aircraft 
manutacture because it is particularly. adapted to that type of 
construction, or its usefulness may have been recognized 
coincident with the widespread adoption of metal monocoque 
structures. The process consists essentially of laying out the 
body lines full scale on the floor and making these lines fair. 
Due to the large scale, fairing can be done with great accuracy. 
Instead of listing the contour offset on a drawing, the shape 
at rib or station points is transferred directly to a templet 
which, in turn, is used to lay out the part in the shop. 
Although lofting is really supplementary to engineering since 
it is practically large-scale drafting, it is usually considered 
as a shop function and is classed as a part of tooling. 
Tooling. —It might be well to explain that “tools” in this 
sense refer to any implements or pieces of equipment that are 
used to fabricate or assemble one specific item only, such as 
templets, forming dies, and erection jigs. Tooling has a 
decidedly more important part in the manufacture of sheet- 
metal aircraft than it had in the tubular-truss type. Although 
it is not uncommon to build a welded-steel-tube fuselage of 
an experimental airplane without jigs or fixtures, it would be 
practically impossible to complete one of sheet metal without 
rather extensive tooling. Moreover, the economy that can 
be effected by tooling is much greater for the stressed-skin 
structures, it being possible to eliminate a major portion of 
the hand work from the fabrication process and to reduce 
it greatly for assembly if there is sufficient production to war- 
rant adequate tooling. The application of tooling will be 
discussed more fully under fabrication and assembly. 
Fabrication of Detail Parts.— The following concrete ex- 
ample illustrates some of the processes employed by the 
Douglas Co. in fabricating sheet-metal parts. Although 
there may be a number of other ways of accomplishing the 
result, the methods described can at least be accepted as good 
shop practice. Fig. 1 shows the nose section of a wing rib. 
It is noted that the drawing does not give offset dimensions of 
the contour. The whole wing has been laid out and faired 
The 
drawing goes to the loft and a sheet-iron templet is made 
which has the proper contour for the flat pattern and which 
also locates the cutouts and the pilot holes. The cutouts 


on the loft, and the section at each rib determined. 
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Fig. 1— Nose Section of Wing Rib 
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Fig. 2-—Standard Lightening Holes with Flanged and 
Depressed Edges 





and lightening holes are located by scribing in their outlines, 
but they are not cut out of the templet. 

This templet will accompany the drawing to the shop. 
It the number of parts required is large, the drawing will 
go to the tooling department where cutting and forming 
dies will be made. The cutting die will be designed to cut 
out the flat pattern in accordance with the contour shown 
on the templet; it will also make the cutouts to clear the 
longitudinal stringers and punch out the lightening holes. 
The forming die will make provision to flange the edges and 
also make the depressed flange around the lightening holes. 
If the quantity is insufficient to warrant making dies, no 
special tooling besides the templet is required as there are 
standard dies for the lightening holes and a standard punch 
for making the cutouts. It should be noted that both right- 
and left-hand forming dies are required, while a single cutting 
die is sufficient. 

Fabrication methods for a small quantity of parts will be 
described first. The initial process will be to cut out the 
flat patterns. The outline is made on the sheet stock by 
scribing around the templet and the pattern is cut out on a 
circular shear. Each individual piece must be scribed and 
cut out. After cutting, the flat patterns are stacked with the 
templet on top, and the pilot holes are drilled using the tem- 
plet as a guide. About twenty sheets of the gage shown are 
drilled at one operation. 

The next step is to put in the lightening holes using the 
pilot holes as a guide. The Douglas Co. has a complete 
series of dies that cut the hole and either flange or depress 
the edges, as shown on Fig. 2. These dies can be operated 
either in an arbor press or in a punch press. 

Flanging the outer edge is the next operation; it is done 
on the flanging machine. This machine, which is manufac- 
tured by the Engineering and Research Corp. of Washington, 
D. C., will form a flange of constant width on a curved edge 
for any angle from o to go deg. Fig. 3 shows the forming 
mechanism. It is noted that a separate die is required for 
each width of flange. 

The final mechanical operation is to make the cutouts 
to clear the longitudinal stringers which is done with a 
cutting die. It has been found preferable to make the cut- 
outs after flanging, for if they are made in the flat pattern 
it interferes with the flanging-machine operation. 

If the quantity of parts is large, the cutting and forming 
operations will be done on the power press. .The tooling 
department makes up both a cutting die and right- and left- 
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hand forming dies, using the loft templet to obtain the con- 
tour. The sheet stock is cut on the power shear into rec- 
tangular sections of sufficient size to permit cutting the flat 
patterns with the cutting die. The rectangular sheets are 
stacked and drilled in two places to take the locating pins 
on the cutting and forming dies. The cutting die cuts the 
outside contour, the cutouts, and the lightening holes in one 
operation. Flanging of the edges and the lightening holes 
is completed in one operation on the forming die. 

When the mechanical operations are complete, the part 
is sent to heat-treat after which it is given a final inspection 
which includes a hardness check on the Rockwell machine. 
It the drawing called for paint or other protective coating 
on the detail part, this coating would be applied after heat- 
treat and before final inspection. 

Previous to the adoption of the power press and the Hang- 
ing machine, the part just described would have been flanged 
by hand over a forming block. A certain amount of hand- 
forming is still done, but it is held to a minimum as its cost 
is much greater than that of mechanical forming. 

If the part to be made requires a deep-drawing operation, 
it is usually done on the drop hammer. I believe that the 
Solar Aircraft Co. of San Diego was the first to adapt the 
drop hammer to aircraft work. This company has worked 
out an ingenious method of making drop-hammer dies in 
connection with the manufacture of exhaust-collector rings. 
The first piece is hand-formed trom the drawing or, in 
some cases, a wood pattern is made up. A plaster of paris 
cast is then made from the original piece or the wood block 
which, in turn, is used as a pattern to cast the female part 
of the die. A sand mold is made from the plaster cast, and 
a zinc casting is poured. A dam is built up around the work 
ing surface of the female die and it is used as a mold to pour 
the male die, which is of lead. The surface of the zinc die 
is coated with whiting before pouring the lead to prevent 
adhesion. There is ordinarily sufficient shrinkage of the 
lead die to allow clearance for the sheet metal to be formed. 
Although this method was developed for stainless-steel 
exhaust stacks, it is readily adaptable to the forming of 
aluminum and aluminum-alloy parts. Zinc-lead dies are 
not suitable for sharp forming operations but are satisfactory 
where the change in section is gradual. 

Assembly. — A major portion of sheet-metal aircraft parts are 
assembled by means of dural rivets and, since many of these 
must be driven by hand, a very considerable part of shop 
time is expended in riveting. Although it is axiomatic that 
the number and size of the rivets will be determined by the 
load to be carried, a very appreciable shop economy can be 
effected by maintaining uniform spacing and by using the 
same-size rivets over as large an area as possible. The usual 
method of attaching the skin is to drill the frames and longi- 
tudinals previous to assembly. ‘These holes are then used 
as pilots to drill through the skin. The use of uniform 
spacing will permit the longitudinals to be punched with a 
multiple punch, which method allows a substantial saving 
of shop time. Rivet spacing in skin joints is often determined 
by the tendency of the skin to gap between rivets. 


Until very recently all riveting was done with freshly 
heat-treated rivets of 17S alloy. To avoid the possibility of 
age-hardening to the point where there is danger of crack- 
ing, it is a fixed rule that rivets must be driven within 4 hr. 
after quenching. This procedure necessitates that freshly 
heat-treated rivets be issued to the workmen every % hr. 
The unused rivets are picked up and re-heat-treated, there 
apparently being no practical limit to the number of times 
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this process can be repeated. During recent years many shops 
have taken advantage of the fact that aging can be retarded 
by means of low temperatures, and heat-treat sufficient 
rivets for the entire day the first thing in the morning. These 
rivets are stored in refrigerators charged with dry ice and 
withdrawn as needed. It is necessary, of course, to drive 
them within '4 hr. after removal from the refrigerator. 

The necessity for driving rivets within 4 hr. after quench 
ing or removing from the refrigerator entails a considerable 
amount of extra labor and complication in the shop, and it 
is especially troublesome when making field repairs. For 
this reason there has been an insistent demand for a rivet 
that could be driven after aging. The Aluminum Co. oi 
America recently has made available rivets of A17S alloy 
which meet this requirement. These rivets can be driven 
in a satisfactory manner after complete aging, which means 
that they can be purchased in the heat-treated condition and 
stored until needed. This increased ductility naturally is 
accompanied by a corresponding decrease in shear strength. 

The following table compares the shear values of A17S 
and 17S rivets in the standard sizes. Allowable unit bear 
ing strength also is shown. 


Rivet Size Single Shear, lb. 


17ST A1r7ST 

1/160 g2 a7 

3/32 207 172 

1/8 369 308 

5/32 576 480 

3/16 828 690 

7/32 1,128 940 

1/4 1,473 1,228 

5/16 2,310 1,918 
Bearing, lb. per sq. in. 75,000 60,000 


Note that it is always possible to substitute A17S for 17S 
without reduction in strength by using the next-larger-size 
rivet. In many cases the joint will be sufficiently over 
strength with 17S rivets to permit the substitution without 
change in size since, as noted before, rivet spacing is often 
determined by other considerations than strength although, 
of course, strength requirements will always set the high 
limit of spacing. 

In every design there will be a few places where, due to 
limited space, it is desirable to take advantage of the higher 
shear value of the 17S rivet. Since the general appearance 
of the rivets is the same, there is always the possibility that 
the workmen will get them mixed. To guard against this 
possibility, the Aluminum Co. has forged an identification 
mark into the head of the Ar7S rivet. The Douglas Co. 
has in addition adopted the policy of dyeing the A17S rivets 
a light-yellow color which is not conspicuous enough to mar 
the appearance of the airplane but still permits ready identifi- 
cation of the rivets. 

The Douglas Co. has two automatic-riveting machines 
manufactured by the Development and Research Corp. of 
Washington, D. C. Each machine punches a hole, inserts 
a rivet, and heads it up. Up to the present time they have 
been used chiefly to attach cap strips to spar webs. It has 
been found desirable to drill one cap strip to provide indexing 
holes. The machines will punch a 5/32-in. hole through 
the web and the other cap strip, which are 0.064 and 0.128 in. 
respectively in thickness. The average operator can drive 25 
Or 30 rivets per min., the speed depending largely upon the 
time required to index the holes. The throat clearance is 36 in. 

Although most rivets are driven by high-frequency air 
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hammers known as vibrators, squeezers are used wherever 
possible since only one workman is required. The Douglas Co. 
makes excellent hand squeezers by using the lever mechanism 
of a commercial bolt clipper. 

Ever since sheet-metal construction has been applied to 
aircraft, there has been an insistent demand for a method 
of installing rivets when working entirely from one side. 
This need is especially important in maintenance work where 
it is frequently necessary to replace a damaged section of skin 
on a closed wing or tail surface. There are also many places 
in assembly where it is difficult or impossible to get a buck- 
ing tool on the inside. During the War the Germans used 
a hollow rivet of mild steel that could be upset from the out- 
side by inserting a hooked tool through the hole in the 
rivet and spinning the end over. This type of rivet was used 
to fasten on the closing sheets of the wings on the Junkers 
JL-6. These rivets had several disadvantages, one of which 
was the large diameter necessary. 

A very ingenious method of installing blind rivets has 
been developed recently by the B. F. Goodrich Co. to use 
in connection with the installation of its De-icer shoes. How- 
ever, its adaptability to manufacturing and repair work was 
recognized quickly and its use is becoming: quite general. 
Fig. 4 shows the tools required for installation. The rivet is 
hollow and the end opposite the head has an internal thread 
for approximately half the length. The remaining length 
is counterbored to a somewhat larger diameter than the 
thread. The rivet is headed by means of a too! with a 
threaded mandrel which is screwed into the threaded portion 
of the rivet. The tool bears against the head of the rivet 
and withdraws the mandrel which upsets the counterbored 















































Fig. 3- Forming Mechanism of Flanging Machine with 
Typical Samples of Work 


October, 1936. 
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portion, as shown in Fig. 5. ‘These rivets, which bear the 
trade name Rivnut, have so far been developed in one size 
only, namely 3/16 in. outside diameter. 

The first operation after drilling the hole is to cut a 
keyway with the keyway tool. This keyway engages a 
small projection forged into the under side of the head to 
prevent turning. Then a rivet is threaded on to the mandrel 
of the heading tool and inserted into the hole with the 
projection in the keyway. The tool is then squeezed until 
a considerable increase in resistance indicates that upsetting 
is complete. A No. 6 steel screw is inserted to close the 
hole and give added shear strength. This screw also may 
be used for attachment purposes. The rivets may be obtained 
with the inner end closed for use in water-tight compart- 
ments. The following shear values were obtained from 
rather meager tests and are quite conservative: 

Single shear, without screw 
Single shear, with steel screw 


200 |b. per rivet 
300 |b. per rivet 
In these tests failure frequently occurred due to pulling 
the head through the sheet, especially with the thinner gages 
of material. 
The tools may be obtained from the B. F. Goodrich Co. 
on a rental basis, and the rivets can be purchased from them. 
The self-locking nut that bears the trade name Elastic 
Stop Nut has supplanted the castellated nut and cotter key 
for bolted assemblies almost completely. Its chief claim for 
favor lies in the saving it effects in assembly and maintenance 
time. Its use is disapproved where the parts joined rotate 


with respect to each other and where it is subjected to 
elevated temperatures but, beyond these applications, its use 
is practically unrestricted. Anchor and clinch type Elastic 
Stop Nuts that can be secured in place are very useful for 
blind assembly since no other means for locking the screw 
or bolt is necessary. Fig. 6 shows the various types. 

Another assembly process that is exceedingly attractive 
because of economy in shop time is electric spot-welding. 
A large amount of experimental work has been done in the 
development of this process, and its field of usefulness is 
being extended rapidly. As yet its use on aluminum alloy is 
restricted to non-structural parts. This restriction is partially 
due to lack of uniformity which precludes the establishment 
of design criteria, and also because there is still a fairly high 
percentage of worthless or markedly inferior spots that are 
dificult to detect on the finished joint. These difficulties 
are receiving much attention, and it is likely that spot 
welding of dural structural parts will be permissible in the 
near future. 

A great variety of non-structural furnishings and equip 
ment on the Douglas commercial transports are assembled 
by spot-welding at a very substantial saving in shop time. 
These parts include air ducts, window frames, lavatory 
fixtures, buffet parts, partition panels, and so on. A similar 
process known as roll welding also is being developed. In it 
the parts to be joined are passed between two rollers that 
exert considerable pressure on the joint and transmit the 


welding current. The result is a welded seam joining the 
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Fig. 4—Teols Required 
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Fig. 5 


Method of Heading Goodrich Rivnuts 


This process is subject to the same limitations 
as spot-welding. 


two sheets. 


Inspection.—Inspection otf detail sheet-metal parts is 
accomplished immediately after fabrication and does not 
depart appreciably standard procedure. 
Inspection of final and sub-assemblies involves some problems 
that are peculiar to this type of construction. All rivets are 
given close scrutiny with special attention given to tight- 
ness, proper edge distance, and signs of cracks. Edges and 
corners of parts that have been severely formed must be 
checked carefully for signs of fracture, as the cracks spread 
rapidly under vibration. Inspection of assembled parts is 
particularly difficult because many of them are quite com- 
pletely enclosed. 


from inspection 


This condition is overcome to some extent 
by using small mirrors mounted, with provision for adjust- 
ment, on a long rod. Some inspectors even use a magnifying 
mirror which method might be regarded as cheating. Anothe: 
condition that the inspector must watch for is flat panels 
of skin that “oil-can.” These panels are likely to vibrate 
in flight and be the cause of early fracture. 

Finish Alclad covering 
previously described is considered the most effective protec- 
tion against corrosion, and its use is restricted only because 
of its increased cost and its 10 per cent reduction in strength. 
The Douglas commercial transports are constructed entirely 
of Alclad material which, in addition, is given a coating 
of Lionoil finish. All sheets that are purchased in the heat- 
treated condition are dipped in a vat of clear Lionoil when 
received from the mill. Parts fabricated from soft stock are 
dipped or sprayed after heat-treatment. All interior surfaces 
are given a spray coat after assembly to cover edges, rivets, 
and places where the original coat has been removed by shop 
operations. The Lionoil that is sprayed on the interior 
assemblies is dyed a light-blue color to enable the inspectors 
to determine accurately that all surfaces have been covered. 
After final assembly the Lionoil is removed from the entire 
outside surface leaving the Alclad completely bare. The 
DC-2 transports that were delivered first have had about 
3500 hr. each without appreciable signs of corrosion of the 
cuter skin, which record speaks well for Alclad as a pro 
tective coating. The foregoing procedure was altered for two 
customers who specified aluminized varnish for the exterior 
surface. The resulting weight increase was about 115 |b. 

Anodic treatment is specified usually for dural that is not 
Alclad. This treatment, which is described in Air Corps 
Specification 98-20005, consists of immersion in a 5 per cent 
chromic-acid electrolyte under the action of a low-voltage 
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current. The coating in itself is a very efficient protection 
against corrosion, and it also forms an excellent base for 
paint. Sheets that have been anodized cannot be spot-welded. 

One of the distinguishing features of aircraft manufactur 
ing as compared to such industries as the automobile is 
the very limited number of units produced. This limitation 
precludes the adoption of real production methods and 
necessitates a preponderance of hand labor. At present it 
appears unlikely that this condition will improve in the near 
future since most indications point to larger units rather than 
a greater number. It seems highly probable that the metal 
monocoque will continue to be the most used type of con- 
struction. We may expect that an increased number of parts 
will be fabricated on the power press, and that much assembly 
work will be accomplished by means of spot-welding. Forg- 
ings and die castings probably will be used much more 
extensively than at present. There is indisputable evidence 
that the trend is toward structures of greater complexity and 
more intricate and complicated mechanism. 

The outlook for those of us who are to be engaged in 
this industry is adequately expressed in the classic pronounce- 
ment made by a harassed project engineer: “You don’t have 
to be crazy to be in the aircraft business, but it helps!” 
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Fig. 6— Three Types of Elastic Stop Nuts 
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Author's Conclusion to Discussion of 
“Liquid-Cooled Aero Engines” 


—H. Wood 


Rolls-Royce, Ltd. 


Mr. Wood’s paper with its written discussion was 
published in full on pp. 267-287 of the July, 1936, 
issue of the Journat, following presentation at the 
Semi-Annual Meeting of the Society, White Sulphur 
Springs, West Va., June 4, 1936. This conclusion 
arrived too late for publication with the paper. 


| ‘ ENNETH CAMPBELL in his discussion suggests 
that the area of the finning on an air-cooled engine 
is almost as flexible a quantity as the surface area 
of a liquid radiator and mentions that the cooling surtace of 
a Cyclone engine has recently been increased by as much as 
go per cent. We think that he will agree with us when we 
say that a go per cent increase in fin area does not give a 
go per cent increase in cooling, the latter increase probably 
being not more than 40 per cent; whereas, in the case of the 
liquid-cooled engine, increased power can almost always be 
obtained for special purposes merely by alteration of the fuel, 
supercharger ratio, and radiator size. But, in the case of the 
air-cooled engine, similar power increases are impossible 
without alteration to fin area, that is, to the engine itself. 

Mr. Campbell also states that the decline in air density 
with altitude is practically offset by the increase in tempera- 
ture difference. This condition depends, of course, on the 
actual climatic conditions but, for I.C.A.N. (International 
Commission for Air Navigation) temperatures and densities 
only, the low-temperature water-cooled engine benefits with 
increasing altitude provided the system is sealed to prevent 
boiling. With prestone-cooled engines operating at 130 deg. 
cent. (266 deg. fahr.) or with the higher temperature air- 
cooled engines, the cooling power increases considerably with 
altitude up to the maximum power altitude of the engine. 
Above this altitude the cooling improves since the engine 
power falls off approximately as the air density. In the case 
of engines supercharged to 7000 ft., this difference in cooling 
is not great but, for a high-temperature air-cooled engine 
supercharged to maintain ground-level power up to altitudes 
of over 20,000 ft., the cooling problem is serious. 

With regard to fan-induced cooling which Mr. Campbell 
thinks is necessary only in certain cases, such as for flying 
boats, he also states that the pressure difference across the 
Wright engines required for cooling is but 3 in. H,O static 
pressure drop, representing 1 per cent of the brake horsepower. 
Unfortunately, the power loss through the cooling surfaces is 
often only a very small percentage of the drag on the airplane 
caused by inducing the cocling flow. It is for this reason that 
Rolls-Royce considers that there are possibilities in the future 
for mechanically assisted cooling-flow installations which 
should cause very little induced drag at high speeds. 

W. A. Parkins mentions some very interesting information on 
the average cost of overhauls of engines on airline work in the 
U. S. A. Unfortunately, we have had very little experience 
with Rolls-Royce engines in airline operation. The bulk of 
our output is used in military aircraft where the engines run 


500 hr. between overhauls. Opinions differ as to the relative 
severity of commercial operation and Air Force operation be- 
cause, when an Air Force engine is overhauled, it is rebuilt 
with modifications bringing it up to the latest standard. No 
replacements are generally required to rebuild to the original 
standard since lead-bronze bearings have been standardized. 

As regards frontal area, our latest installations carry the 
radiator and oil cooler tucked up underneath the engine and 
the total frontal area is little more than that of the engine 
alone, nor does the addition interfere with the pilot’s view. 
The installation is very compact, the total length of a Kestrel 
engine being only 624 in. from the rear of the airscrew hub 
to the rear of the supercharger and carburetor casing. 

With reference to the relative drag of the radial air-cooled 
and the in-line liquid-cooled engines, wind-tunnel tests on our 
prestone-cooled engines indicate that the total installation drag 
is about one-third of the drag of current radial air-cooled instal- 
lations designed for the same aircraft speed. We anticipate that 
air-cooled cowling will improve so that the final difference may 
not be quite so great. 

Concerning installation weights, we must apologize for 
the weight of the radiator given as 63 lb.; it should have been 
103 lb. The low weight of the liquid-cooled engine exhaust 
manifold is due to the fact that the exhaust ports of the 
cylinders of each block are close together and the total length 
otf manifold is very much less than for the radial engine. The 
figure of 35 lb. refers to a semi-streamline type of manifold 
discharging the exhaust gases on each side of the engine. If 
longer pipes were required to discharge the gases into an 
exhaust turbine for supercharging, or to discharge them at 
any particular point underneath the wing, the manifold 
weight would be increased to a total of about 7o |b. 

We are very much interested to hear that detonation in- 
crease with mixture enrichment and the superior perform- 
ance of aromatic fuels in liquid-cooled cylinders have been 
duplicated by Lieut. F. D. Klein. It is very encouraging to 
learn that steps are being taken in the U. S. A. by fuel and 
engine experts to develop methods of knock testing of high 
knock-rating fuels which will rate such fuels in accordance 
with their behavior in the full-scale engine under practical 
conditions of operation, because this problem is exercizing 
the Air Ministry and British aero-engine contractors, and one 
hopes that there will be a free interchange of data and that 
the solution thereby will be accelerated. 

W. Worth questions the shape of the radiators used on 
Rolls-Royce installations. We have carried out tests on every 
type of obtainable matrix and have discovered that, for prac- 
tical air velocities, the honeycomb type of radiator was by far 
the best from a cooling-per-unit-of-drag-power point of view. 
Any form of projection in the tubes, while increasing the cool- 
ing per unit of surface, also increased the drag power in a 
greater proportion; no other type of matrix approached the 
efficiency of a plain hexagon-tube type. 

If the radiator is entirely enclosed in the airplane structure, 
its shape would be determined partly by practical con- 
siderations and partly by efficiency considerations such that 

(Continued on page 424) 
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Human Reactions to Vibration 


By H. M. Jacklin 


Professor of Automotive Engineering, Purdue University 


RESENTING the analysis of several thousand 

observations of the reactions of humans to 
vibration when sitting on a controlled vibrating 
seat or platform and in moving vehicles. Physical 
reactions are defined carefully as a result of many 
experiments under controlled conditions. 


The perfection of a three-directional wave- 
recording accelerometer is described. Its use in 
determining vibration conditions when the defined 
physical reactions occur is displayed. 


The relative effects of vibration in three direc- 
tions on hard and upholstered seats are disclosed 
together with suggested instrumentation with the 
accelerometer. The rating of vehicles of transpor- 
tation by a comfort scale is easily accomplished by 
the use of the accelerometer. 


at Purdue University has been an attempt to determine 
some fundamentals that might be useful. In particu- 
lar, we have tried to arrive at some results as to which type 
ot vibration can be tolerated by human beings with least dis- 
comfort. Since all forms of vibration may be resolved into 
rectilinear components in three planes, we set out to find: 
first, the effect of single rectilinear motion in each of the 
three planes; and second, the effects of combinations of these 
forces. It is thought that substantial progress has been made 
in spite of various and sundry difficulties, not the least of 
which has been the great variation in humans who are, of 
course, the greatest variables with which anyone may deal. 
These variations have led to the conviction that no short easy 
road lies ahead for one who tries to work out a quickly- 
arrived-at answer as to the quality of a ride. So far as vibra- 
tion is concerned, human preferences seem to spread over 
quite a range. Our attempt, then, has been to strike statisti- 
cal means. In this objective, we have been somewhat success- 
ful in that already they have been applied constructively. 
It is fitting that I here acknowledge the constructive and 
active assistance of employes and students of Purdue Uni- 
versity who have contributed their bit toward these results. 


Ta general objective of the work on riding qualities 


This paper was presented at the Semi-Annual Meeting of the Society, 
White Sulphur Springs, West Va., May 31, 1936. 

: See Research Bulletin No. 44, Engineering Experiment Station, Purdue 
Guiversity, oe, 1933; “Riding Comfort Analysis,” by H. M. Jacklin and 
1% J. Liddell. 
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A. J. Bates, J. A. Askren, H. C. Wheaton, George J. Liddell, 
Merrill Bennett, J. A. Trail, Robert Latham, H. A. Ferguson, 
N. A. Klipper, and John Duckworth have all contributed 
time and thought to the general project. Support, both finan- 
cial and inspirational, has been available for parts of the 
project from the electric railway interests through their re- 
search organization headed by Dr. C. F. Hirshfeld. 


Four-Part Program 

The project has developed naturally in four parts. The 
first was concerned with the reactions of humans to recti- 
linear vibration and was developed by the use of a vibrating 
platform or “shake table.” The second phase had to do with 
the development of an instrument whereby accurate records 
might be obtained of the concurrent forces existing in ve- 
hicles, these forces acting upon the passenger and influencing 
the character of the ride. The third part has been most 
difficult in that it has involved the interpretation of a con- 
siderable amount of data from records involving many sub- 
jects in many vehicles on several types of road surfaces. The 
fourth part has to do with the application of these results in 
comparing vehicles and equipment. 


Effects of Unidirectional Vibration 


No attempt will be made here to describe in detail the 
development and construction of the shake table used in this 
part of the investigation. Nor will any attempt be made to 
show in detail all the possible interpretations of the results. 
These details have been published’ by Mr. Liddell and my- 
self. 

Since, with a spring or padded seat, it would be difficult 
to interpret the results, we chose to use a conventional rattan- 
covered streetcar seat as shown in Fig. 1. The whole plat- 
form could be moved through an amplitude ranging from 
0 to about 24 in. in both the vertical and horizontal planes. 
Also, the seat could be rotated through an angle of go deg. 
so that several hundred men, women, and children could be 
subjected to vibration in the vertical, the transverse, and the 
fore-and-aft or longitudinal planes. Since variable-speed mo- 
tors were used, the frequency of vibration could be varied 
from about 1 to 17 cycles per sec. 

In early tests it was found that there was little agreement 
as to the specific effects of various vibrations. After con- 
siderable experimentation with rating scales it was found 
necessary to confine observations to three easily distinguish- 
able (after experience) reactions, namely, (I) Perceptible, 
(II) Disturbing, and (III) Uncomfortable, according to the 
following definitions: 

The motion is: 

(1) Perceptible-You feel that you are moving or that 
distant objects are moving slightly. 
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Fig. 1—“Shake Table” in Operation 


(11) Disturbing —- You note that certain organs or parts ot 
your body have greater vibration than you yourself, and you 
try to prevent this condition by tightening certain muscles. 

(111) Uncomfortable -You want very little of the treat- 
ment. 

It is seen from the foregoing that Items II and III are the 
most important. If one cannot relax in a seat, he ultimately 
will become fatigued in the affected muscles and the pleasure 
will be gone from the experience. The uncomfortable reac 
tion should never be exceeded for more than a very short 
time or there will be danger of actual permanent harm to 
the subject. 

In Bulletin 44,’ Mr. Liddell and I presented the material 
shown in Fig. 2 which gives the acceleration-frequency rela- 
tions for single applied motion in each of three directions. 
This figure was based on tests of males from 17 to 27 years 
of age. Later Messrs. Ferguson and Klipper tested about 
100 young ladies, obtaining results so close to these that no 
modification was considered necessary. In addition, a con- 
siderable number of tests on older people had showed that 
their reactions also varied but little from these results. There- 
fore, these results may be considered as representative of the 
“average” normal human. The curves show a remarkable 
similarity as to slope. Straight lines on the semi-logarithmic 
coordinates fit an equation of the form: 


Aa Ae 

where K =} constant 
A = acceleration (maximum), ft. per sec.” 
f = frequency of motion, cycles per sec. 
e = Naperian base = 2.718 


From these curves, the following values of K represent the 
values that developed from the statistical study of several 
hundreds of individual tests and, therefore, represent the value 
that will be tolerated by the average human on such a seat. 
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Event Direction K 
Uncomfortable Vertical 64.7 
Disturbing Vertical its 
Uncomfortable Longitudinal 11.73 
Disturbing Longitudinal 4.02 
Uncomfortable Transverse 8.21 
Disturbing Transverse 2.35 


It is seen that humans will tolerate considerably greater 
vibration, as represented by a combination of acceleration 
and frequency, in the vertical direction than in either of the 
other directions; and that they are able to “take” relatively 
little in the transverse direction when sitting upon a rela 
tively hard and rigid seat. 

The determination of the constant K is facilitated by the 
use of a nomograph, Fig. 3, wherein a straight-edge connect- 
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Fig. 2— Acceleration-Frequency Relations for Single Ap- 
plied Motion in Each of Three Directions 
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Fig. 3— Nomograph from Which Values of K for Hard 
Seats May Be Obtained 

A straight edge connecting the values for acceleration and 

frequency will intersect the center reference line at the 


proper value for K 


ing the values for acceleration and frequency intersects the 
center scale showing the value of K. 

The preceding results are directly applicable to the reac- 
tions of humans sitting upon seats of the character described. 
Beside the evident application in the case of the older type 
streetcar seats, they are applicable in the case of shop and 
factory chairs, stools, and so on if there be some method of 
obtaining the acceleration and frequency. The Purdue “accel- 
erometer” lends itself very well to obtaining the necessary 
data for such studies. 

In addition to furnishing the preceding data, these studies 
enabled us to establish a “control” group for studies in cars 
on the road. This control group consisted of about 35 people 
whose reactions were consistently within + 10 per cent of 
the means represented by these curves. 

Reactions in Road Tests 

This control group was used in test rides in a dozen dif- 
ferent automobiles on various types of road. In the earlier 
tests, Reaction II (Disturbing) only was observed. The Pur- 
due accelerometer’ was used in these tests to obtain the 
vibration characteristics. It was mounted in a dummy (see 
Fig. 4), and the assembly set in the left-rear seat of the auto- 
mobile. The “control” subject was seated alongside the 
dummy. The car speed was increased on a selected road 
until the subject observed the disturbing reaction, when an 
accelerometer record was taken. 

The accelerometer records show three wave forms, one cach 
for the vertical, transverse, and longitudinal accelerations. In 
addition, an interrupted straight line shows time in incre- 
ments of 1/10 sec. These photographic records were ana- 
lyzed by a very simple means consisting of a transparent cali- 
bration sheet over a light-box to obtain the maximum ac- 
celeration, and simple calculations involving the wave forms 
and the time record showed the frequency in each plane. 

After considerable experiment, Mr. Liddell and I presented 
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in Bulletin 44' an index “D” based upon an analysis of sev- 
eral hundred such tests. This index represented the constant 
in the equation: 


2 Ss 4i4.= Ae®-045f 


0.9 cos 1.57f 


which approximated the relationship between the averages of 
maximum accelerations and frequencies in the three direc- 
tions. Although it was reasonably reliable, its solution re- 
quired the use of two nomographic charts. Then, too, this 
method of approach was greatly different from that used 
with the hard seat where the vector sum of the K’s in the 
several directions gave a solution supported by actual ob- 
servation. The use of the preceding equation was justified 
only by the fact that it fitted the then-available experimental 
data. 

Later, Messrs. Latham and Trail succeeded in doubling the 
number of observations on the Disturbing event. They also 
procured about 200 reactions for the Uncomfortable event. 
The addition of their data for the Disturbing event flattened 
the curve. It also brought about certain concentrations of 
points that seemed to indicate that a family of curves (with 
the points in each curve having some common characteristic ) 
would give a more detailed and accurate measure of the 
factors. Their curve for the Uncomfortable event was some- 
what similar in general conformation to that for the Dis- 
turbing event. The values for the mean acceleration were 
higher, but the index U (from a totally different type of 
equation) had a numerical constant less than that for D. 
Then, too, there was evidence that at least two groups of 
points might be used with equal reliability. Possibly with 
more observations there would have been a clearer definition. 

During the past several months there has been an oppor- 
tunity to re-analyze all this material. At first, an attempt was 
made to use the constant K from the hard-seat tests. This 
scheme did no result in any clarification. Finally, the many 
tests were assigned to one or another of five groups according 
to the condition of resonance. Thus, the first group con- 
tained all test data for runs wherein there was no apparent 
resonance. The second group included all runs wherein the 
transverse and longitudinal forces were in resonance; the 
third group had the vertical and transverse paired off; the 
fourth group, by far the largest, had the vertical and longitu- 
dinal forces in resonance; while the fifth and last group had 
all three wave forms in resonance. These groups were or- 
ganized further according to the frequencies so that the 





Fig. 4-— Purdue Accelerometer Mounted with Dummy for 
Tests in an Automobile Seat 
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Fig. 5 -Curves Showing Acceleration-Frequency Characteristics for Five Conditions of Resonance and Disturbing and 
Uncomfortable Reactions —Forees Acting in Three Directions 


average maximum acceleration in each direction could be 
determined over a relatively short range of frequency. 

The results of this grouping and calculating are presented 
in the six parts of Fig. 5 where the acceleration in each di- 
rection has been plotted against its respective frequency for 
each condition of resonance. The two upper and the center 
groups of curves show the mean results for the Disturbing 
event wherein the total number of observations was about 
twice as great as that for the lower group of curves covering 
the Uncomfortable reaction. The condition of resonance is 
identified for each curve by the numbers. 
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Having in mind the fact that: (1) the subject is riding 
upon a very soft seat compared to that used on the shake 
table; (2) forces are varying at different rates simultaneously 
in all directions; (3) a changing panorama, wind, and other 
vehicles on the highway serve to divert the attention from 
consideration of vibration; (4) the upholstery grips the 
clothes to some degree greater than the rattan; (5) a more 
restful position may, on the average, be assumed than when 
on the streetcar seat; and finally, (6) that the vibrations are 
not exactly repetitive —it is interesting to note that the aver 
age results for each force-acceleration-resonant condition fall 
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in lines that are somewhat comparable with those for uni- 
directional motion. 

Sloping straight lines for the vertical longitudinal maxi- 
mum acceleration and frequency seem to cover the several 
combinations of resonance fairly well. For the transverse 
forces, humans seem to be able to stand more at 12 cycles 
per sec. than for lesser or greater frequencies. For the pres- 
ent purpose, a horizontal line seems to fit the situation with 
fair accuracy. Thus, expressions for the tolerance of humans 
on the automobile seat seem to be represented by the follow- 
ing equations: 


Event Direction Expression 
Uncomfortable Vertical Kee = Ae 
Disturbing Vertical Re 4 = de” 
Uncomfortable Longitudinal K.= $5 = 40°" 
Disturbing Longitudinal A=4 =arem™ 
Uncomfortable Transverse Kr = Ar = 3.25 
Disturbing Transverse Kr = Ar = 2.75 


Combining these to give the vector sum, Ke, of the forces 
at zero frequency as follows: 


Ke = VKy?+ Ki? + Kr 





it is found that: 
Ke (Uncomfortable) = 4/10? + 5.5? + 3.25? = 11.9 ft. per sec.? 
Ke (Disturbing) = /8.5? + 42 + 2.752 = 9.78 ft. per sec.? 
which, in effect, means that the human will tolerate a con- 
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Fig. 6- Nomographic Chart for Determination of K, and 
K, from Records from Automobile Seats 
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Fig. 7—Chart for Combining K,, K, and K, or A, To 
Give Comfort ™dex K, 


tinued acceleration force of 9.78 ft. per sec.” It is understood that 
this value approximates that used in modern high-speed eleva- 
tors. The nomographic chart, Fig. 6, has been prepared to 
render easy the solution of the above equations for Kv and Kz, 
wherein a straight-edge connecting the values for acceleration 
and frequency for the vertical or the longitudinal direction 
will intersect the appropriate reference line and denote the 
value for Ky or Kz, respectively. For Kr, the reading for 
acceleration alone need be used, according to present infor- 
mation. 

The vector sum, Ke, may be obtained very easily by the 
use of Fig. 7 where the solution for the case where Ky 
= 6.58, Ki = 3.52, and Kr = Ar = 5.63 is shown graphi- 
cally, the answer being Ke = 9.36. 

It is not felt that the final answer has been found as to 
the application of the accelerometer and its records in evalu- 
ating the quality of a ride so far as the vibration is con- 
cerned. This belief is because not enough data have been 
obtained to make certain that all these curves are definitely 
reliable. Too few observations have become available to 
locate definitely many of the curves shown in Fig. 5. How- 
ever, it will be seen that the application of these data presents 
interesting results. 

The accelerometer used in all this work has proved itself 
very reliable. There has been no change in the zero readings 
or in the calibration of any of the elements over a period of 
three years. A duplicate of it has been in use in other hands 
throughout this period with similar results. Therefore, it 
may be said that reliable instrumentation is available. The 
simple methods for determining the values for acceleration 
and frequency and the developed nomographs make the 
analysis of the records comparatively rapid and easy. 





Application of Results 


The foregoing index, Ke, of riding quality has been ap- 
plied in comparing the riding qualities of 14 automobiles 
and in tests of new seat materials. The procedure has been 
to mount the accelerometer-dummy in the left-rear seat of 
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Fig. 8— Values of K, at Different Speeds on Seven Cars 
Built from 1926 to 1933 


the several cars. Then the vehicles were driven over a section 
of level concrete road so that the left wheels passed over what 
has been termed a standard obstruction. The cars were driven 
over this obstruction at increments of 2 to 5 m.p.h. from 
speeds of about 10 to 60 m.p.h., an accelerometer record 
being taken at each encounter. This obstruction is made of 
steel presenting a ramp about 12 in. long ascending to a 
height of about 2 in. Since, in most cars, this obstruction 
does not produce vibration that is particularly disturbing to 
the occupants because of its transitory character, it is inter- 
esting that the accelerometer records the conditions. There 
is no question that repetition of the vibration would result 
in considerable disturbance and possibly danger at the higher 
road speeds. The values for Ke from analysis of the records 
range from 4 to over 20 for representative cars so that com- 
parisons are made at a condition that includes the disturbing 
and uncomfortable condition. A set of tests for one car over 
this obstruction for the speed range is obtained in not over 
1 hr. under ordinary conditions. After developing the rec- 
ords the analysis usually can be made in from 3 to 6 hr. so 
it becomes apparent that the time element is not excessive. 

Fig. 8 shows the results of tests on cars of models ranging 
from 1926 to 1933 as indicated on the various curves. The 
'26, ’29, °30, and °31 cars had eight-cylinder engines and 
represent heavy types, whereas the °32 and °33 cars had 
six-cylinder engines and were of the lighter type. The ’29 
car was a seven-passenger model, and all the others were 
five-passenger models. These curves are arranged with the 
lowest index at the top so that the curve for the car with 
the best ride appears at the top. Thus the ’29 car proves to 
be the best of this group, whereas the ’3r car is least com- 
fortable. The other cars seem very similar and of about 
equal ability. These’ results agree with the personal obser- 
vations of the several people who rode in them. 

Fig. 9 shows data that are directly comparable with those 
shown in Fig. 8 for five cars built in 1934 and one built in 
1935. Four of the cars built in 1934 had a riding quality 
very similar to the center group of Fig. 8. Car 5 in Fig. g 
was of the same make as the °33P in Fig. 8 and shows that 
this manufacturer had made very definite progress in im- 
proving this model. Car 4 was built by the same manufac- 
turer. Car 2 was a later model, with knee action, of the 
*31 car. Car 98 was built in 1935 in Germany. It has a 
wheelbase of but 98 in., has independent suspension, and 
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has the engine mounted in the rear. It would seem that 
there may be some real possibilities in this type of construc- 
tion if the car were built of a size suitable for the American 
public. 

The data presented in Figs. 8 and g lend themselves to 
further analysis in three other ways. First, the average Ke 
over the speed range may be used for comparison, the aver- 
ages placing the several cars in order in this regard. Second, 
the ratio of the highest Ke to the lowest Ke for a given car 
may be considered as a measure of the “consistency” of the 
performance so far as vibration is concerned. A car that is 
very consistent probably will be considered to be one that 
gives a better ride than another. One that is not so con- 
sistent will have comparatively rougher ranges that will be 
more apparent. Third, the product of the first two factors 
may be used as an arbitrary method of combining them into 
one item for comparison. These data for these cars appear 
as follows: 

Product 


Average Ky and 


Consistency Consistency 


Car Average Kg Ratio Ratio 
‘26 H 15.37 1.23 18.88 
‘29H 11.60 1.72 19.95 
30 H 14-55 1.88 26.4 
"31 B 20.48 1.90 39.0 
"32C 14.15 1.86 26.3 
"32 T 13.90 1.67 23.2 
°33~P 15.4 1.16 (1) 17.9 

I 14.4 1.93 27.8 

15.22 1.94 30.1 

3 13.13 1.88 24.6 

4 6.13 2.66 16.6 

5 5-17 (1) 1.59 8.2 (1) 

6 15-30 1.88 28.8 
98 9.04 1.71 15-4 


These tests of cars were performed by different individuals 
but the data appear consistent. In any event the personal 
opinion of no one has entered into the rating of the cars. 
The writer is of the opinion that everyone would rate car 5 
as the best, followed closely by cars 4 and 98. Then ’29H 
would be considered next except at speeds above 55 m.p.h. 
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Fig. 9— Values of K, at Different Speeds for Six Cars 
Built in 1934 and One Built in 1935, the Last with 


Independent Suspension and the Engine in the Rear 
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Fig. 10 —- Results of Tests Comparing Seat Structures in 
Car ’29H 


Cars '26 H, ’30H, °32C, °32 T, °33 P, 1, 2, 3, and 6 would 
be considered equal, while the °31 B is considered to give the 
poorest ride. This it did most definitely from personal ob- 
servations. 

The capabilities of the accelerometer and the method of 
analysis have been subjected to the most rigorous test in 
comparing seat materials. These seats were all tested in the 
seven-passenger ‘29H car, which is equipped with the 
Marshall type seat. cellular-rubber seat structure was con- 
structed to fit in place of this seat for tests. The same pro- 
cedure was used in these tests as in testing cars. However, 
the only variable was in the rear seat upon which the ac- 
celerometer-dummy was mounted. The _ cellular-rubber 
structure was assembled on a plywood base. In one case, no 
holes were drilled through this base so that all air flowing 
from or into the pockets in the seat had to pass through 
the rubber itself. Later tests were made with holes of %-, 
%-, and '4-in. diameter drilled through the plywood into 
each large air cell. Thus the damping characteristic of this 
structure was varied. 

The graphic results from these five series of tests are 
shown in Fig. 10. From these it appears that the rubber 
seat with the %-in. vent holes was the most consistent. 
Calculations of the average Ke, the consistency ratio, and the 
product of the two results in the following table: 

Product 
Average Kg and 


Consistency Consistency 


Seat Average Ky Ratio Ratio 
Marshall 12.51 1.75 22.0 
No vent 13.48 1.64 22.1 
%4-in. vent 12.13 1.35 16.4 
%-in. vent 12.82 1.39 17.6 
/-in. vent 12.42 1.47 18.3 


Over the speed range, including eleven tests for each seat, 
the rubber seat with the %-in. vent shows. itself superior 
to the others in all these items. It is probable that, for such 
tests, two or three runs should be made over the bump to 
fair out the variations that inevitably occur in the setting of 
% bump and in the exact direction in which the car hits 

- However, these results agreed with the personal reactions 
of at least three observers who rode on the seats at the time. 


Dividing these eleven tests into three groups covering 
speed ranges from 10 to 25, 30 to 45, and 50 to 60 m.p.h. 
inclusive, it was found that the rubber seat with the ¥4-in. 
vent was most consistent over the low-speed range; the rubber 
seat with 34-in. vent was best in this regard through the 
middle-speed range; and the rubber seat with '%-in. vent 
was most consistent through the high-speed range. These 
results seem consistent with expectations. 


Conclusion 


In conclusion these observations, as stated before, are not 
regarded as presenting the final answer to this problem. The 
problem is exceedingly complex, and it is believed that sub- 
stantial progress has been shown under the conditions under 
which the work has been done. No attempt has been made 
to cut corners to present quick answers. The care exercised 
has resulted in the development of an exceedingly accurate 
and dependable instrument. It is hoped that suggestions will 
be offered that will result in the procurement of more com- 
plete data for the solution of this problem. 


Discussion 


Practical Tests Using Purdue 


Accelerometer Repor ted 
—R. G. Welch 


New York Rapid Transit Corp. 


IRST of all, I want to give credit to Professor Jacklin and his 

associates for the development of a reliable, accurate, and usable 
instrument that is proving of great practical value in the work for 
which it is designed. 

During the past four years I have made approximately cight to ten 
thousand records with one of the accelerometers. These records ‘were 
made in trolley cars, trolley buses, high-speed interurban cars, subway 
and elevated trains, on structures and ships at sea. You will notice that 
the automobile and gasoline bus are not mentioned. Only about a 
score of tests were made on automobiles and none at all on gasoline 
buses. More than half the total number of records were made for the 
determination of acceleration and deceleration during starting and 
braking respectively and were not analyzed for riding-quality indices. 

The records that were analyzed for riding-quality indices were used 
in the development of some of the new trolley cars and trains now 
being built for various properties. Thus the data have been put to 
practical use even though the research has not resulted in a completely 
acceptable solution of the problem. 

During all this work the accelerometer has proved extremely ac- 
curate and reliable. Often used under adverse conditions in the field, 
it has come through with flying colors. 

As for riding-quality research in general, although I have not always 
agreed point for point with Professor Jacklin, I will say that, of all 
the programs undertaken in this field in the past ten years, his appears 
to have resulted in more practical and usable information than any 
other. I believe that a continuous record of instantaneous values of 
acceleration is the only method that should be considered in the attack 
on the problem. Counting devices, as I see them, leave a great deal 
to be desired and I personally, after using and observing them, do not 
find them adequate for this work. 

The work of determining acceleration and deceleration of vehicles 
has been very successful and, although not directly connected with the 
riding-quality problem as undertaken by the Society, the curves de- 
veloped were used to determine the effects of variations in longitudinal 
motions on humans in connection with laboratory studies made by 
the E.R.P.C.C. 

A large number of the records have been used to help in the solution 
of vibration problems outside the field of riding-quality research, and 
the three-component feature of the instrument was greatly appreciated 
in this work. 

In studying riding-quality indices, I have been impressed by one 
outstanding trend of the data that appears to disprove many prevalent 
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opinions. In all cases when making comparisons between trolley buses 
and trolley cars, the indices for the latter were consistently below the 
disturbing values, whereas the indices for the former were consistently 
above the disturbing values, with the one exception found in certain 
rail vehicles, that have a high transverse index due to excessive nosing. 
From this study it appears that buses, whether gasoline or electric, are 
generally less comfortable in the low-frequency range than are trolley 
cars. This conclusion does not mean that all automotive-type vehicles 
would follow this trend. It merely applies to buses as indicated in 
the data so far collected. In making this comparison no consideration 
is given to the difference in noise level of the two types of vehicles. 

The results given in Professor Jacklin’s paper on more extensive 
cushioned-seat tests are very gratifying. The first work on cushioned 
seats was far from satisfactory for practical use and had never been 
used extensively in the work here. Of course our program was never 
set up to allow for extensive research and study of variables. We 
merely used the previous data to that extent thought to be practical 
and feasible. One very gratifying result that apparently never has been 
stressed is the close agreement between observations as to comfort and 
the ratings evolved by computation of the indices. This result applies 
to tests made on hard seats and floors and has not yet had sufficient 
data collected for comparisons on cushioned seats. 

In our program we have not made use of the standard obstacle 
except for observation of particular phenomena. The tests were made 
under conditions approximating actual service operation as closely as 
possible, with the belief that it would give the answer to practical 
problems. The results in general appear to support this policy. 

To those who are aware of my connection with the production of 
experimental trolley cars and the newly developed cars now being 
built, I wish to say that in making the above statements and compari- 
sons I do so without bias. I have made nearly as many tests for bus 
operators as for car operators and have no active interest in which 
predominates. I merely stated facts that I believed to be of general 
interest. The data so far collected have resulted in the formation of 
these opinions and were interpreted in the light of Professor Jacklin’s 
studies and evaluated by the methods considered to be the best so 
far devised. 

I sincerely believe that much .remains to be done to increase the 
comfort of all passenger vehicles despite the amazing progress of the 
past few years. It seems to me that the operators of vehicles for pas- 
senger transport have not as yet given the problem enough real practical 
field study. By that statement I mean that much more recording of 
vehicle action under actual running conditions should be considered 
seriously and undertaken. Records on new vehicles should be com- 
pared with those of existing ones. The data not only furnish a means 
of study for the design engineer, but also an attractive advertising 
feature can be developed that should appeal to the manufacturer and 
operator alike. Too many times tests are made on existing and ex- 
perimental equipment and none whatever on finally accepted models. I 
cannot understand why the work is not carried to completion in such 
cases. To me it is the rational thing to do, and yet many of the new 
developments have developed troubles that should be investigated and 
nothing seems to be done about it. 

In closing I would like to stress again the need for more practical 
use of the instruments and data at hand. Most of the work so far 
has been what might be called laboratory research, and it is about 
time that it graduated or, better still, extended into practical testing 
of vehicles on the road. This applies not only to the particular work 
of Professor Jacklin, but to that of many others, some of which never 
did get more than passing mention. 


Improvements in Instrumentation 
Recommended 


—C. A. Tea 
Chrysler Corp. 


CCREpDIT must be given the author for a serious attempt to correlate 
road-test results through accelerometer measurements with human 
reaction data obtained in the laboratory, and for establishing certain 
important basic data on the physiological effects of vibration. 

Unfortunately, the analyzing of road results under the system de- 
scribed consumes much time and leaves so much to the judgment of 
the one performing the analysis and correlation of data that the method 
must still be confined to the use of research workers and laboratory 
technicians. 

It is my opinion that we will have accomplished a great deal toward 
practical “measurement” of riding comfort when accelerometer measure- 
ments can be integrated to indicate a true factor (relative to fatigue) 
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over unit-time that can be referred to a scale of comfort similar to that 
established by the author and his co-workers in terms of degree of 
comfort. In other words, it seems to be mainly a question of designing 
the instrumentation to integrate all accelerations above the comfortable 
limit determined by the author to obtain a force-time factor, regardless 
of speed or type of road surface, and fitting that factor in the comfort 
scale established for the principal vibraticas recorded. 

Such important influences as the support offered by the cushion and 
back, eye strain, noise, and other sensual affects, are so significant that 
accelerometer readings cannot be taken as an absolute comfort factor, 
regardless of how faithfully the instrument integrates and measures the 
vibratory forces, but can only be considered as an accurate means for 
making comparisons, which is what the testing engineer, after all, is 
really interested in. 

This consideration would tend to detract from the value of following 
too detailed an analysis in the hope of arriving at an “absolute” comfort 
factor, which would always be questionable anyway. 

The Riding Comfort Research Committee of the Society is now 
engaged in a very constructive program along lines I have tried to 
present, and doubtless this work of Professor Jacklin’s, which is of a 
fundamental nature, wil! assist greatly in reaching some finite con- 
clusions. 


Author's Methods Used in Design 


of Modern Streetcars 
—C. F. Hirshfeld 


Detroit Edison Co. 


RITING as one who has had the opportunity to apply in a 
rather large way the results and the instruments referred to in 
this paper, I feel that Professor Jacklin and his associates in this work 
deserve the deep gratitude of all those who make and use transportation 
vehicles. He has done much to remove the mystery from what is called 
riding quality and to reduce it to some sort of rational treatment. 
Within limits it is now possible not only to test a completed vehicle 
with respect to this quality but also to design so as to obtain charac- 
teristics which it has been proved are acceptable to the average human. 
A few years ago it fell my lot to take charge of an extensive effort 
toward modernization of the streetcar. This statement may sound 
humorous to an S.A.E. audience, but it is a fact that there are many 
men skilled in urban transportation who are convinced that there is 
still a place for streetcars capable of meeting modern standards. 

One of the common complaints leveled at the conventional street- 
car is that it gives a most uncomfortable ride. This comment refers 
both to the presence of high-frequency vibrations of the order of 20 
to 60 per sec. and to lower-frequency movements of the order of 0.5 
to 3 per sec. 

We used Professor Jacklin’s accelerometer for testing the conven- 
tional car in these respects, and we used the results of his test on human 
beings in evaluating the records made on streetcars. Later we used 
his results and methods of analysis in designing streetcars that would 
be free of movements objectionable to human beings. 

In one sense it is much easier to build good riding quality into a 
rail vehicle than it is into one intended to run on pavement because 
even a poor rail is generally better than a good pavement. Again, the 
frequencies of the major impulses impressed on the vehicle by a track 
are in general much more nearly determinable in advance and much 
fewer in number than in the case of pavements. 

We have succeeded in designing and constructing streetcars in which 
the floor of the car is subjected only to movements falling very far 
below Professor Jacklin’s “Disturbing” threshold at any speed up to 
40 m.p.h. and on poor rail. In fact, most of the movements fall below 
the “Perceptible” threshold. The performance of nicely upholstered 
seats is still better than that of the floor. Such cars are now being 
built commercially and will shortly be in operation in some of the 
largest cities of this country. 

It may interest you to know that the success achieved is due in part 
to the extensive use of your old friend rubber. We could not use 
rubber tires but we did work rubber into the wheels in such a way 
as to obtain some of the advantages of a rubber tire without some of 
its disadvantages. We also have sprung the car entirely on rubber 
instead of using the conventional steel springs. These rubber springs 
account in large measure for the absence of high-frequency vibrations 
in the car body and contribute largely to a very greatly reduced noise 
level both inside and outside the car. I commend them to your con- 
sideration. Although I know little about the design of automotive 
equipment, I believe that at least in city buses you would find that 
great improvement would result from the use of such springs. 








Thermodynamic Properties of the Working 


Fluid in Internal-Combustion Engines 


By R. L. Hershey, J. E. Eberhardt and H. C. Hottel 


Massachusetts Institute of Technology 





HE thermodynamic analysis of an internal- 

combustion engine, even in the idealized case, 
is in general more complex than a similar analysis 
of an engine cycle in which the fluid undergoes no 
chemical change. It is the purpose of this paper 
to show that, despite the inherent complexity of 
the problem, an exact solution by graphical meth- 
ods is possible, and the method is very similar in 
nature to those used in connection with the 
Mollier diagram for steam. 


Two types of charts are presented, one descrip- 
tive of the thermodynamic properties of the air- 
fuel mixture (and residual products of combus- 
tion) before combustion, the other descriptive of 
the properties of the equilibrium mixture after 


. HE generation of power by steam divides naturally 
[iw two distinct parts: in a furnace, the release of 

energy by the combustion of the fuel and its transfer 
as heat to the working fluid; in an engine, the partial con- 
version of the energy thus stored in the working fluid into 
mechanical work. In investigating this process the engineer 
has taken advantage of this inherent division to study the 
action of the working fluid separately, and he has found 
that the analysis of the performance of steam-power genera- 
tors is clarified and simplified by the use of diagrams repre- 
senting the thermodynamic properties of the working fluid, 
steam. 

In contrast to the steam powerplant, the internal-combus- 
tion engine is an apparatus in which there is no such 
simplifying separation of combustion and “working” of the 
fluid. It is the object of the present paper to show that, 
despite the complexity due to the merging of the two func- 
tions, the thermodynamic analysis of the internal-combustion 
engine cycle can be handled by the use of diagrams in a 
manner analogous to the steam engineer’s use of the Mollier 
diagram. Diagrams based on the most recent thermodynamic 
data are presented; their use in the rapid and precise calcu- 


[This paper was presented at the Semi-Annual Meeting of the Society, 
White Sulphur Springs. West Va., June 2, 1936.] 

*See the Report of the Empire Motor Fuels Committee, Vol. 18, Part 1, 
by Tizard and Pye. published by the Institution of Automobile Engineers, 
London, 1924, 

* See Bulletin No. 150, 1925, Engineering Experiment Station, University 
of Illinois, by Rosecrans and Felbeck. 
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combustion. Full allowance is made for the vari- 
ation of specific heats with temperature and for 
the complex dissociation at the high temperatures 
attained after combustion. All calculations are 
based on the most recent basic thermodynamic 
data available in the literature. 


The use of the charts is illustrated with numer- 
ical examples of the calculation of the perform- 
ance of various ideal engine cycles, including un- 
throttled, throttled, supercharged, variable-cutoff, 
compression-ignition and gas turbines. In addi- 
tion, the effects of different operating variables 
upon performance, calculated by the described 
technique, are shown graphically. 





lation of the performance of various ideal engine cycles, 
including throttled, supercharged, variable-cutoff, compression- 
ignition, and gas turbines is illustrated; and the effects of 
different operating variables upon the performance, calcu- 
lated by the described technique, are shown graphically. 


Review of Previous Work 


The assumption that the internal-combustion engine could 
be represented as operating on the so-called air-standard cycle 
led to the earliest “theoretical” analysis of the performance 
of such engines. The result obtained is extremely simple: the 
thermal efficiency is dependent only on the compression ratio. 
The failure of the air-standard cycle to indicate any effect of 
operating variables shown by experience to be important, as 
for instance air-fuel ratio, shows it to be entirely inadequate. 
The inadequacy of this method of analysis is responsible for 
the generally poor opinions which many engineers have of 
theoretical analyses of internal-combustion engines. 

The first attempts to improve upon the air-standard cycle 
introduced allowances for the variability of the specific heat 
of the working fluid, but it was not until consideration also 
was given to the dissociation of H,O and CO, at the high 
temperatures reached after combustion, with allowance for 
changes in dissociation as expansion proceeded, that a satis- 
factory approach to a precise procedure was made. 

Tizard and Pye’ were among the first to investigate the 
effects of dissociation; Rosecrans and Felbeck? described a 
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precise method of calculation; and Goodenough and Baker’® 
presented, in 1927, the results of calculations covering a wide 
range of operating variables. In these calculations allowance 
was made for variable specific heats, for dissociation of H,O 
and CO, into H., O,, and CO, and for changes in dissoci- 
ation during the adiabatic expansion. However, the results 
were presented not as descriptions of the properties of the 
working fluids, but as relations between engine operating 
variables and operating characteristics. No new tool was 
made available to others, and results other than those pre- 
sented can only be obtained by again going through the ex- 
tremely tedious calculations. Moreover, the necessary funda- 
mental data have recently been improved greatly in precision, 
and the dissociation is now known to be more complex. 

In 1932, Pflaum* presented, for the first time, diagrams 
of the thermodynamic properties of the working fluids of 
internal-combustion engines. These diagrams are plotted on 
the enthalpy-entropy plane; the omission of lines of constant 
internal energy introduces the necessity for trial-and-error 
in many calculations of interest. Pflaum also used the older 
basic thermal data and made inadequate allowance for the 
complexity of the dissociation. 

Within the last year and after the completion of most of 
the present calculations, Tanaka and Awano® and Kihl" 
have published additional diagrams. Tanaka and Awano 
have followed Pflaum’s example in the use of older thermal 
data, in allowance for dissociation, and in presentation of 
results on the enthalpy-entropy plane. Kihl, however, has 
used modern fundamental data and has made proper allow- 
ance for all important molecular species formed due to dis- 
sociation. Although diagrams of the types presented by these 
authors are of enormous assistance in the calculation of an 
engine cycle, all of them are characterized by the necessity 
for a considerable amount of. algebraic calculations and of 
trial-and-error methods of solution. 


Diagrammatic Representations of Working Fluid 


The working fluid in an internal-combustion engine, from 
the time of completion of intake to the time of firing, has 
a chemical composition fixed by the fixed operating condi- 
tions of the engine. Consequently, its thermodynamic prop- 
erties are susceptible to presentation in diagrammatic form 
in a manner entirely analogous to that used in showing the 


3 See Bulletin No. 160, 1927. Engineering Experiment Station, 
of Illinois, by Goodenough and Baker. 3 

*See J-S Diagramme fiir Verbrennungsgase und ihr Anwendung auf die 
Verbrennungsmaschine, by Pflaum, Verlag V.D.I., 1932. 

5 See Report No. 118, March, 1935, and Report No. 128, September, 1935, 
Aeronautical Research Institute, Tokyo Imperial University, both by Tanaka 
and Awano. 

6 See Beilage No. 373, Vol. 6, 1935, by Kuhl, 
des Ingenieurwesens. 

7 See The Journal of the American Chemical Society, Vol. 56, May, 1934, 
pp. 1045-1047; “The Heat Capacity of Hydrogen at High Temper: itures’’, by 
Clyde O. Davis and Herrick L. Johnston. 

8 See The Journal of the American Chemical Society, Vol. 55, 


University 
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January, 


1933, pp. 153-172; “Heat Capacity, Entropy, and Free Energy of Gaseous 
Nitric Oxide’, by Herrick L. Johnston and Alan T. Chapman. 
®See The Journal of the American Chemical Society, Vol. 56, meareney 


1934, pp. 271-276; “Heat Capacity of Nitrogen and Carbon Monoxide,” by 
Herrick L. Johnston and Clyde O. Davis 

10 See The Journal of the American Chemical Society, Vol. 55, July. 1933, 
pp. 2744-2753; “Heat Capacity, Entropy, and Free Energy of Neutral OH,” 
by Herrick L. Johnston and David H. Dewson. 

11 See The Journal of the American Chemical Society. Vol. 55, 
1933, pp. 172-193; “The Dissociation of Oxygen’’ and “The Free Energy of 
Atomic Oxygen,”’ by Herrick L. Johnston and Margery K. a 

12 See The Journal of the American Chemical Society, Vol. 57, April, 1935, 
p>. 682-684; “High- 6 ag anme Capacities of Oxy gen,’ 4% Herrick I.. 
Johnston and Margery K. Wal 

13 See The Journal of the pew rican Chemical Society, Vol. 
1934, pp. 1838-1842; “Thermodynamic 
Carbon Dioxide.”’ by Louis S. Kassel. 

14 See The Journal of Chemistry and Physics, Vol. 
by Gordon. 

15 See The Journal of the American Chemical Society, Vol. 57. 
pp. 612-614; “Heat Capacities and Dissociation 
Bernard Lewis and Guenther von Elbe. 
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However, from the time of ignition to 
the time of expulsion of the working fluid from the engine, 


chemical change is going on within the mixture. In the 
ideal engine this change is assumed to proceed so rapidly 
that the mixture is at all times in both physical and chemical 
equilibrium. The properties of a mixture of fixed atomic 
composition that is always in complete equilibrium also may 
be represented diagrammatically although, of course, the ad- 
ditional requirement of chemical equilibrium introduces 
complications in the computation. Since the composition of 
the mixtures both before and after combustion is dependent 
on the air-fuel ratio, one diagram of each type is necessary 
for each air-fuel ratio that it is desired to study. Diagrams of 
these two types, constructed for various air-fuel ratios, are 
presented and discussed in some detail in subsequent sections. 


Fundamental Data 


The basic data needed for the calculation of these charts 
are: certain equilibrium constants as functions of the tempera- 
ture, certain heats of reaction, and the specific heats of the 
various molecular species as functions of the temperature. 
The data need not be directly available in just these forms; 
it is sufficient if these data or certain other data (for example, 
entropies), related to them by any of a number of thermo- 
dynamic expressions, are obtainable. 

In recent years the technique of calculating the specific 
heats of gases over a temperature range extending down to 
absolute zero has been perfected; the calculations have been 
carried out for a number of gases; and the results have been 
published in a series of papers by Johnston and his co- 
workers,”’*:**!??2 and in papers by Kassel,'* and Gordon,"* 
all of which appeared in the years 1933, 1934, and 1935. 
Knowledge of the specific heats permits the calculation of 
entropies; the results of these calculations are given in the 
papers mentioned. The high precision of the fundamental 
spectroscopic data used in these calculations and the excellent 
agreement between these new specific heats and those ob- 
tained from recent and refined experimental determinations 
substantiate the belief that no significant revisions of these 
values need be expected in the future. 

The sources of the internal energy and entropy values for 
the various molecular species involved in the present work 
are summarized in Table rA in the Appendix. The equilib- 
rium constants used are those given by Lewis and Von Elbe." 
The internal energy and entropy changes for the chemical 
reactions involved were obtained from the data given by the 
references in Table 1A by various methods, 
which is shown in Table 2A of the Appendix. 
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Diagrams of Combustion Products in Equilibrium 


If fixed quantities of carbon, hydrogen, oxygen, and nitro 
gen are allowed to come to chemical equilibrium (such as 
by a process of burning a hydrocarbon with air), fixing the 
values of two of the properties of the resultant gas, such as 
the temperature and pressure, is sufficient to define com- 
pletely the composition and hence all of the thermodynamic 
properties of the equilibrium mixture. The fuel chosen as 
adequately representative of gasoline is octane, C,H,,; its 
hydrogen-carbon ratio, rather than its molecular weight, is its 
significant characteristic for the present purpose. The ait- 
fuel ratios chosen for study were three, corresponding to a 
rich mixture (85 per cent of the theoretical air or 117.6 
per cent of the theoretical fuel), a mixture in proportion for 
perfect combustion, and a lean mixture (110 per cent of 
theoretical air, or 90.9 per cent of theoretical fuel). 
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Because of the high temperatures attained in internal- 
combustion engines, the number of different kinds of mole- 
cules existing in important proportions in the products is 
much larger than in free-burning flames in furnaces. Pre- 
liminary calculations indicated that the products would con- 
tain CO,, H,O, N,, O,, CO, H;, OH, H, O, and NO, the 
relative importance of the various species depending on the 
temperature, pressure, and mixture ratio. The method of 
using data on equilibrium constants to calculate the composi- 
tion of the products is presented in the Appendix. 

Typical results of such calculations for a total pressure of 
800 lb. per sq. in. on the system are presented in Fig. 1, 
showing the effect of temperature on gas composition for 
each of three mixture ratios (three plots on left). The im- 
portance of NO and neutral OH, frequently omitted from 
consideration in flame-temperature calculations, and even of 
atomic O and H at the highest temperatures, is apparent 
from a study of the figure. The right-hand plot of Fig. 1 
shows how a variation in air-fuel ratio affects the composition 
of the equilibrium mixtures, when the temperature and 
pressure are fixed at 5400 deg. Rankine (deg. fahr. + 460) 
and 800 |b. per sq. in. 

With compositions determined for various temperatures 
and pressures, the next step is the calculation of the various 
thermodynamic properties fixed by the state of the system 
and the presentation of the results on three diagrams, Figs. 
2, 3, and 4, one for each mixture ratio under consideration. 
The material basis for each of the three diagrams is the 
quantity of material (C,H,O,N in the ten molecular arrange- 
ments already mentioned) which contains nitrogen and oxy- 





16 It will be noted that this calculation ignores the fact that air is about 78 
per cent N». and 1 per cent argon instead of 79 per cent No. The error so 
introduced is negligible in any calculation of engine thermal efficiency, or of 
volumetric efficiency or mean effective pressure so long as the latter two are 
calculated by assuming the same molecular weight for air as was assumed in 
the calculation of these charts, namely, 28.8 instead of 29.0 

1 The fact that the O» content of a rich mixture at this point is negative 
is immaterial, since the E of Oz at the base temperature is by definition zero. 
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gen equivalent to one pound of air. Since the equation of 
complete combustion of the fuel chosen is: 

Cy.His + 125 O, + (79/21)125 N, = 

8 CO, + 9 H,O + 47N,, 
the weight of fuel per pound of air is (8 & 12 + 18 X 
1.008)/(12.5 XK 32 + 47 X 28) or 0.0665 lb.** For the lean, 
theoretical, and rich mixtures considered, the weights of 
carbon plus hydrogen associated with the one pound of 
oxygen plus nitrogen are then 0.0605, 0.0665, and 0.0782 |b., 
respectively. 

The thermodynamic properties represented on the dia- 
grams, their symbols, units of measurement, and_ bases, 
follow: 

Temperature.—T, deg. Rankine or deg. fahr. + 460. Al- 
most horizontal solid lines at 200 deg. intervals. 

Volume.—V, cu. ft. Diagonal solid lines. 

Pressure.—P, \b. per sq. in. Diagonal dashed lines of 
gentler slope than the volume-lines. 

Internal Energy.—E, B.t.u., the vertical scale of the dia- 
grams. This property is the heat-effect attending the con- 
version, at constant volume and consequently without work, 
of a mixture from its given condition of compagition and 
temperature to CO,, H,O vapor, O, and N, at the base 
temperature of 60 deg. fahr. (520 deg. Rankine). Although 
any path may be chosen in the calculations underlying the 
construction of the charts, that one simplest to visualize in- 
volves cooling the mixture at constant volume to the base 
temperature, thereby evolving what may be called the sen- 
sible internal energy content, E., of the mixture, then allow- 
ing the mixture to react at constant temperature and volume 
to produce only CO,, H,O (vapor), N,, O,.'7 The heat 
evolved along this second leg of the path, the internal energy 
of combustion at the base temperature, is added to the first 
quantity to give E. 

Enthalpy or total heat, H, B.t.u., almost horizontal dashed 
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lines found only in the upper portion of the diagrams. By 
definition, H = E + PV (144/778). 
Entropy, S, B.t.u./deg. Rankine, the horizontal scale of the 
. Calculated by assigning zero entropy to CO,, 
H,O, O, and N, at 14.7 lb. per sq. in. each and 60 deg. 
fahr. (520 deg. Rankine). The entropy of any other gas at 
the base temperature is then equal to its entropy of forma- 
tion from the preceding constituents of zero entropy. For 
further quantitative consideration of the entropy concept, es- 
sential to an understanding of the technique of calculating 
the diagrams but not to their intelligent use, the reader is 
referred to any standard textbook on thermodynamics. 

Sensible Internal Energy, E., B.t.u. This property already 
has been defined in the discussion of E. In the lower tem- 
perature range of Fig. 4 for the rich mixture where the chemi- 
cal composition of the mixture is fixed by temperature alone’*® 
the value of E, is determined completely by E. Consequently, 
the sensible internal energy is given by the vertical scale on 
the lower right margin of the diagram, relating E. and E. 
The differénce between E and E, is the internal energy of 
combustion of the CO and H, present by virtue of the in- 
suficiency of air. In the corresponding low-temperature 
ranges of Figs. 2 and 3 for the theoretical and lean mixtures, 
there is no residual unburned gas and consequently no dif- 
ference between E and Es. The range in which this equality 
holds is indicated in the margins of these figures. 

Sensible Enthalpy or Sensible Heat, Hs, B.t.u. By analogy 
to H, Hs = Es + PV (144/778). Like Es, Hs is a unique 
function of E at low temperatures and consequently repre- 
sentable by a scale which appears in the lower left margin 
of the three diagrams’®. (Figs. 2-4.) 

To illustrate the reading of the charts, let it be desired to 
know the thermodynamic properties of the products of com- 
bustion of 1 lb. of air with octane vapor at 4800 deg. Rankine 
and 100 |b. per sq. in. pressure, the original mixture contain- 
ing 10 per cent excess air. From Fig. 2, by locating the 
intersection of lines corresponding to T = 4800 deg. and P 
= 100 lb. per sq. in., one may read that the volume of prod- 
ucts is 19.6 cu. ft., the internal energy E is 1288 B.t.u., the 
enthalpy H is 1650 B.t.u. by interpolation between H-lines, 
or 1288 + 100 X 19.6 & 144/778 = 1651 B.t.u. by calcula- 
tion from E. The only information not obtainable from the 
diagram is the composition; this determination would re- 
quire in general seven additional families of curves and, 
furthermore, is not essential information. 

The illustration of the use of Figs. 2, 3, and 4 to calculate 
the performance of various engine cycles must wait on a dis- 
cussion of diagrams representative of the unburned mixture. 
These diagrams will now be considered. 


Properties of Mixtures Before Combustion 


The migture prior to combustion consists in part of prod- 
ucts of combustion of the preceding cycle, and in part of a 
mixture of fresh fuel vapor and air. The two parts are, of 
course, identical in weight percentage of C, H, O, and N. 
In order that the diagrams presenting the properties of the 
unfired gas shall be on the same material basis as those pre- 
viously discussed, the basis will again be 1 lb. of oxygen plus 
nitrogen, with amounts of carbon and hydrogen appropriate 
to that one of the three different mixture ratios which is being 
considered. 





18 peg the only chemical reaction possible is the water-gas reaction, 
co. + H O + H;0, which reaction is Caadeeted by pressure. 

1 It is to be noted that (H — - Hs) is equal to (E — Es) and, consequently, 
to the E of combustion at the base temperature, not to the H of combustion. 
This condition is a consequence of the choice of basis of the plots, which 
makes Es, not Hs, zero at the base temperature. 
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Let the weight-fraction of the mixture existing as combus- 
tion products be represented by f, the weight-fraction brought 
in as fresh air and octane vapor by (1 — f). As an example, 
consider the rich mixture-ratio. From the calculations un- 
derlying the preceding Fig. 4 representative of combustion 
products, it was found that 1 |b. of air and 0.0782 lb. of 
octane burn to 0.0392 lb.-mols of combustion products 
(N,, H,O, CO, H,). 1 lb. of fresh air and 0.0782 lb. of 
octane, unburned, contain 0.0354 |b.-mols. The rich-mixture 
diagram representative of unfired gases then corresponds to 
total weight of 1.0782 lb. and to a number of mols given by 
0.0392 f + 0.0354 (1 — f), or 0.0354 + 0.004 f. The base tem- 
perature is as before 60 deg. fahr., and the desired thermo- 
dynamic quantities, in general, are the same. However, since 
the diagrams are to be used to calculate adiabatic changes 
that are physically but not chemically reversible, the entropy 
basis must be defined to omit chemical contributions to 
entropy; zero entropy is therefore assigned to each constituent 
at 60 deg. fahr. (520 deg. Rankine) and 14.7 lb. per sq. in. 
The total internal energy E is as before the sum of two quan- 
tities, the sensible internal energy Es and the internal energy 
of combustion Ee at the base temperature (fuel and products 
both as vapor). The former is the heat effect attending the 


‘constant-volume cooling to the base temperature without 


chemical reaction. Since both the number of mols and the 
specific heat are very insensitive to variations in f, Es may be 
evaluated for some mean value of f and used with negligible 
error even though f varies considerably from the value used. 

The internal energy of combustion Ec, on the other hand, 
changes greatly with f. -For the rich mixture previously dis- 
cussed, EF, will be (1 — f) times the internal energy of combus- 
tion of 0.0782 lb. of octane, plus f times the internal energy 
of combustion of any H, and CO in the products of combus- 
tion. Taking the lower heat of combustion of octane at con- 
stant volume at 60 deg. fahr. as 19,270 B.t.u. per Ib. and of 
the CO and H, associated with the products of combustion 
of one pound of air as 300 B.t.u. (E — E, as read from Fig. 4), 
the quantity E, equals 300 f + (1 — f) 19,270 & 0.0782. Since 
Es, but not E, is substantially independent of the fraction f of 
unpurged combustion products in the system, the diagrams 
representative of the unfired mixture, Fig. 5, are made with 
vertical scales of sensible internal energy Es. The total value 
E is obtained by adding to Es the internal energy of combus- 
tion, readily calculated from the last column of Table 1 
when f is known. 

Since in the unfired mixture no chemical changes are oc- 
curring, the internal energy Es is a unique function of T. 
Accordingly a scale on the right of the diagrams relates these 
quantities. Similarly a scale on the left relates Hs (—= Es + 
PV (144/778)) and Es. 








Table 1—Data Relative to the Basis of the Diagrams 
Raponeenng Unfired Gas 


Internal 


Energy of 
Combustion 
Per Cent of at 60 Deg. 
Mixture Theoretical Weight of Total Fahr., 
Designation Air C+H, Ib. Lb.-Mols E., B.t.u. 
Insufficient 
fuel 110 0.0605 0.0352+0.002f 1163 (1—f) 
Theoretical 
fuel 100 0.0665 0.0353 +-0.002f aaa (1—f) 
Excess fuel 85 0.0782 0.0354+0.004f 1507 (1—/f) 
re 300f 
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Fig. 5- Thermodynamic Properties of Mixtures of Air and Octane Vapor plus Unpurged Combustion Products Before Firing 
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The method of using 
Fig. 5 representing the 3 
unfired gas, referred to (a) 


as the compression charts, UNTHROTTLED 
and Figs. 2, 3, and 4, OTTO CYCLE 


representing the products 
in chemical equilibrium, 
will now be illustrated by 
examples. 


Unthrottled Otto Cycle 
Let it be desired to 
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(b) (c) 
3 THROTTLED SUPERCHARGED 
OTTO CYCLE OTTO CYCLE 


























study the thermodynamic 2 

limitations on power out- 

put and mean effective | 4 
pressure when an Otto é 

cycle engine is operated 

using octane with 85 per 

cent of theoretical air, with a compres- = (e) 

sion ratio of 6, the intake and ex- (d) 

haust-manifold pressures atmospheric, 3 MORE COMPLETE DIESEL OR 

and the fuel-air mixture leaving the COMPOUND 

carburetor completely vaporized and at EXPANSION CYCLE COMBUSTION 

go deg. fahr. Fig. 6(a) represents an CYCLE 

indicator diagram for the ideal cycle. 

Reference to the successive states of the Fig. 6~Ideal 
system will be made by appending Pressu'r e-~ 
subscripts corresponding to the num- Volume Dia- 


bered points on the diagram. Because 
of the relation of a cycle to that pre- 
ceding it, it will be necessary tem 
porarily to assume knowledge of two 
quantities, and these are most con- 
veniently 7T,, the temperature of the 
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mixture of fresh and unpurged gas 

prior to compression and f, the fraction of the gas from the 
preceding cycle left in the cylinder prior to the intake stroke. 
These will be assumed 650 deg. Rankine (190 deg. fahr.) and 
0.05 respectively; they may be checked readily later. 

Step 1-2, compression of the charge: On Fig. 5 lower dia- 
gram, the right-hand scale indicates that, when T, = 650 
deg. Rankine, Es: equals 26 B.t.u. On the diagram locate 
the condition (1), corresponding to Es: = 26 and P;: = 14.7 
lb. per sq. in. (heavy dashed line). From the diagram, read 
V, = 16.8 cu. ft. Since step 1-2 is an adiabatic reversible 
compression, and consequently isentropic, move vertically on 
the diagram from V: to V, (= 16.8/6 = 2.8 cu. ft.). From 
the diagram, read Es,. = 138 B.t.u. 

Step 2-3, adiabatic combustion at constant volume V, = 
V, = 2.8. At point 2, the total internal energy E, equals the 
sum of the sensible value Es, and the chemical value of 
Ec which latter value from Table 1 or from the data to the 
right of Fig. 5 is 1507 (1 — f) + 300 f = 1507 X 0.95 + 300 
X 0.05 = 1447. Then the total E, = 138 + 1447 = 1585 
B.t.u. Since combustion occurs at constant volume and is 
adiabatic, there is no change in internal energy. Therefore, 
E, = 1585 and V, = 2.8, permitting the location of a point 
on the diagram representing the combustion products in 
chemical equilibrium, Fig. 4. For convenience in subsequent 
use of Fig. 4, the entropy S; will be recorded: it is 0.576. 

Step 3-4, adiabatic reversible expansion, therefore isentropic, 
to V, = V, = 16.8. Move vertically downward along the 
entropy line S = 0.576 of Fig. 4 from V, = 2.8 to V, = 
16.8, and read E, = toro. 

Step 4-5, opening of exhaust valve and release of pressure 
to atmospheric. Although this step is irreversible, if all pres- 


sure drop is assumed localized at the exhaust port, then that 
portion of the charge remaining in the cylinder may be con- 
sidered to have undergone an adiabatic reversible expansion, 
doing work on the gas flowing through the port. The con- 
dition of the mixture at point 5 then corresponds to point 4’ 
on the dotted portion of the diagram, Fig. 6(a). Move down 
vertically on S = 0.576 of Fig. 4 to Py = 14.7 |b. per sq. 
in., the heavy dashed line, and read E,, = 723 and Vy, = 66, 
and from the scale on the left, H,,, = 610. These quantities 
correspond to an amount of material equal to the whole 
charge, whereas only the fraction V,/V,- = 16.8/66 or 0.255 
of it is left in the chamber. 

Step 5-6, expulsion of all but the fraction V,/V, of the re- 
maining gas at constant pressure. This step leaves V,/Vy 
or 2.8/66 or 0.0424 of the original charge in the cylinder. 
This is the fraction f, assumed to be 0.05 at the beginning of 
the calculation. 

Step 6-1, mixing of the unpurged gas f with (1 — f) of fresh 
fuel-air mixture as the piston moves to bottom dead-center. 
Since this step occurs at constant pressure the total H is con- 
stant and, since no chemical reaction is occurring, He is 
constant. Therefore, the sensible heat of the unpurged 
residue (which still corresponds in condition to that at point 
4’ where Hs equalled 610) plus that of the entering fresh 
charge must equal that of the mixture at point 1. From 
Fig. 5 fresh charge at go deg. fahr. (550 deg. Rankine) has 
an Ez of 6 (right-hand marginal scale) and an H; of 43 (left- 
hand marginal scale). 

Then 
H,,, = 0.0424 X 610 + 0.9576 X 43 = 68 B.t.u. 
From Fig. 5, when H,,, = 68, E,,, = 23 and 7, = 640 deg. Rankine. 
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This constitutes a check on the value originally assumed 
for T,, 650 deg. Rankine. Although this whole calculation 
could now be repeated with the better values for T, and f, 
the changes resulting therefrom would be found small; they 
will be ignored in the present example. The next step is the 
calculation of thermal efficiency. The work of the cycle is 
(E, — E,)—(E, — E,) and, since no chemical change occurred 
between 1 and 2, E, — E, = E,,, — E,,,. The work is, therefore, 
(1585 — 1010) — (138 — 26) = 463 B.t.u. This work is accom- 
plished by the introduction of (1 — 0.0424) lb. of fresh air and 
(1 — 0.0424) 0.0782 or 0.0749 |b. of fresh fuel. Adopting the 
conventional H of combustion of fuel as the denominator in 
the expression giving efficiency” and using the value 19,240 
as the net heat of combustion of octane vapor at constant pres- 
sure, one obtains for thermal efficiency, 

463 
0.0749 X 19,240 

The mean effective -pressure in pounds per square foot is 
equal to the net work of the cycle in foot pounds, divided by 
the displacement volume in cubic feet: 

463 X 778 
(16.8-2.8) & 144 
For more precise calculation of mean effective pressure or vol- 
umetric efficiency it is recommended that V, be determined by 
use of the perfect gas law from the known values of T,, P,, 
and N, (the number of mols of charge for compression, ob- 
tained from Table 1 or from the right-hand margin of Fig. 


5): Vi = 0.729 NiT; (14.7/P,) (1) 
The temperature and pressure at various points in the cycle 


may, of course, be determined from the charts during the 
calculation of the efficiency. 


The Throttled Otto Cycle 


Consider the same problem as has just been discussed for 
the unthrottled engine, except that the intake manifold pres- 
sure is to be maintained at 5 lb. per sq. in. absolute. Fig. 6(b) 
shows the indicator card for the ideal cycle. Assume f = 
0.10 and T, = 830 deg. Rankine (370 deg. fahr.). Up to 
point 6 on the indicator diagram the procedure is as in the 
previous example. Values read as before for E and V at the 
various points are: 

Point Es E V 





X 100 = 32.1 per cent. 


Me.p., lb. per sq. in. = 





= 178. 


ee — &% 

2 206 1592 10.7 

3 — 1592 10.7 

i a % 

44 — 958 88, from which f = 10.7/88 = 0.122 
6 — 958 88 





2 There is little unanimity among automotive engineers as to the proper 
value to use for the denominator of the efficiency ratio. A reasonable value 
is the maximum possible work from a reversible engine operating in surround- 
ings at constant pressure and temperature and discharging its products of 
combustion at partial pressures equal to those existing in the products of 
perfect combustion of fuel with theoretical air at room temperature, and 
pressure. That value is given by the thermodynamic quantity AF, the “free- 
energy” change at the pressure and temperature of the surroundings, from 
liquid octane to products of combustion, water as liquid. 

A more commonly used quantity, however, is the net heat of combustion at 
constant pressure, AH, with fuel and product water both as vapor. The jus- 
tifications for its use are that (a) it is perhaps a more familiar quantity to 
engineers, (b) it differs but little from AF numerically in the case of motor 
fuels and (c) no error is introduced in using any arbitrary value for the 
denominator provided the same value is used in other related calculations. 
Parks and Huffman”! sg values for AE and AH, for 1 lb. mol (114.1 Ib.) 
of octane vepor at 25 deg. cent. of 2,198 000 and 2,196,000 B.t.u., products 
all vapor; and 2,360,000 and 2,367,000 B.t.u., water condensed. The value 
of AF, as derived from the same source and as ‘defined previously, is 2,258,000 
B.t.u. per Ib. mol of octane. 

%1 See American Chemical Society Monograph No. 60, 1932; 
Energies of Some Organic Compounds”. by Parks and Huffman. 

22 It will be noted that, as for condition 4’, the values read from the chart 
corresponding to point 6’ on the indicator diagram represent the properties of 
og — charge, of which only the fraction f remains in the engine 
at poin 
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Step 6-6'-1. — Since the pressure in the cylinder at point 6 is 
I atmosphere, it must now be reduced to the intake-mani- 
fold pressure before any fresh charge can be brought in. A 
choice of assumptions for representing this reduction in the 
“ideal” case is possible. The most convenient for the pur- 
pose of calculation, and one which yields an indicator card 
approaching the actual card, is that the gas left in the clear- 
ance space at point 6 and having the condition corresponding 
to point 4’ is expanded isentropically in the closed cylinder 
until its pressure has fallen to the intake-manifold pressure. 
The inlet valve then opens and fresh charge is drawn in, the 
pressure remaining constant throughout the rest of the intake 
stroke. The point of inlet-valve opening is shown on Fig. 
6(b) at 6’. Since the process from 6’ to 1 is adiabatic and at 
constant pressure, the energy relationship for the mixing of 
the gases is H,,, = f (Hs,5') + (1 — f) (Hs of fresh charge), 
an equation exactly similar to the equation for the whole 
intake stroke of an unthrottled engine. On Fig. 4, the con- 
tinued isentropic expansion to 5 |b. per sq. in. shows Ey, = 
774, Hs,4° = 673 and Vy = 208°". From Fig. 5 at go deg. 
fahr. (550 deg. Rankine) Hs of the fresh charge is 43. Then 
(0.122)(673) + 0.878(43) = 82 + 38 = 120. 
Again on Fig. 5, this value is seen to correspond to a tem- 
perature of 815 deg. Rankine as compared to the assumed 
value of 830 deg. Rankine. The work done on the piston 
during this intake stroke is: 

. 144 
f(Ee — Ee) + Pi(Vi — fVor) (=) 
= (Be — Ev) + PW - V0) (=). 

The work output of the cycle is: 


BB) ~ ar Bod —[Pari~ v9 (Fs) 


144 
— {Ev — Ev) — PAV: - Ve) (=) | 

where the term in the bracket is the 
this example, the work output is: (1592-1035 )-(206- 65) — 
87 = 329 B.t.u. per cycle. The pumping loss due to throt- 
tling is in this instance 87 B.t.u. 

The fresh fuel per cycle is (1 — f) 0.0782 = 0.878 (0.0782) 
= 0.0686. The thermal efficiency is, therefore: 


(329) (100) 
0.0686 XX 19,240 


The mean effective pressure is: 


(work of cycle) 778  —_ (329) (778) 
(Vi—V.)(144) (64 — 10.7) 144 
A repetition of the calculation starting with T, — 810 deg. 
Rankine and f = 0.124 yields a thermal efficiency of 24.5 
per cent and an m.e.p. of 33.6 lb. per sq. in., indicating the 
small error in the first calculation due to lack of exact knowl- 


edge of f and T,. 


The Supercharged Otto Cycle 


Consider a supercharged Otto cycle, the ideal indicator 
card of which is shown in Fig. 6(c), operating under condi- 
tions identical with those of the unthrottled cycle discussed 
previously except that the intake manifold pressure is now to 
be held constant at 30 lb. per sq. in. absolute. Let T, and f 
be assumed to be 575 deg. Rankine and 0.02, respectively. 
Up to point 6 on the indicator diagram the procedure is as 
in the previous examples. Values read as before for E and V 
at the various points are: 


“pumping loss”. For 





—= 24.9 per cent 





= 33.4 lb. per sq. in. 
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Point Es E V 
I II — 7.3 


2 10 1595 1.22 

3 110 1595 1.22 

4 — 1020 ‘ 

4 — 57, from which f = 1.22/57 = 0.021 
6 — 1020 57 


Step 6-6'-1.— There are a number of possible assumptions as 
to the mechanism of step 6-6’. One of these is that, when the 
intake valve is opened, the pressure in the cylinder rises to 
that in the intake manifold, with continuous intimate mix- 
ing of the residual gases with the fresh fuel-air mixture and 
with all of the pressure drop localized at the intake valve. 
Another possible assumption is that the unpurged gas is 
compressed suddenly and, consequently, irreversibly by the 
inrush of the fresh charge at its constant pressure equal to 
that in the intake manifold; and that no mixing occurs dur- 
ing this sudden compression. Either of these conditions 
would be followed by constant-pressure mixing along the 
path 6’-1 as the rest of the charge is drawn in. Both of these 
descripticas of steps 6-6’-1 are capable of quantitative evalua- 
tion by the use of the charts provided, but both are char- 
acterized by trial-and-error in determining conditions at the 
intermediate point 6’. 

A relatively simple procedure yielding final results not 
very different from either of the previously described proc- 
esses is to assume that conditions at point 6’ in the unpurged 
gas, which occupies only a part of the clearance volume, are 
as though the unpurged gas had been compressed isentropi- 
cally to the intake manifold pressure without mixing with 
the fresh charge. The final step is then the mixing of com- 
pressed residue with fresh charge and, since this step occurs 
at constant pressure, the condition imposed is that H shall 
be constant. The justification for this procedure in calculat- 
ing step 6-6’-1 is simply that step 6-6’ is an unimportantly 
small part of the total engine cycle. 

Returning now to the numerical example, since the condi- 
tion of the unpurged gas at point 6 is determined by point 4’ 
located in a previous step, H,,° is located by means of an 
isentropic compression from point 4’ (Py = P, = 147) to 
(Py = 30). Read Hog: = 593. The condition of constant H 
during subsequent mixing along the line 6-1 is: 


Hi. = f(Hs.e) + (1—f) (A, of fresh charge) 
= 0.021 (593) + 0.979(43) = 55, 


whence T, — 582 deg. Rankine as compared with the as- 
sumed value of 575 deg. As before, the calculation could 
now be repeated using the better values for f and T,. 

The net work of the upper part of the cycle (1,2,3,4) is, as be- 
fore, (E, — E,)— (Ef, — Ey.) =(1593 — 1020)—(110 — rr) 
= 476 B.tu. In addition, the work of the pumping loop 
(1,5,6,6’) must be taken into consideration. Since the line 
6-6’ is assumed to be vertical (constant volume) the work 
along this line is nothing, regardless of the mechanism as- 
sumed for the mixing of the residual gases and the fresh fuel- 
air mixture; the line 1-5 is similar. The work of the pumping 
loop is then (P, — P,;)(V; — Vg) (144/778) = (30 — 14.7) 
(7.3 — 1.22) 144/778 = 17 B.t.u. The thermal efficiency, with 
the cycle not being charged for the work of compressing the 
fuel-air mixture to 30 Ib. per sq. in., is: 


(476 + 17) 100 ro 
(1 — 0.021) 0.0782 & 19,240 33-5 per cen 





The mean effective pressure on the same basis is: 

(476 + 17) X 778 

(7-3 — 1.22) X 144 

For a more precise value of mean effective pressure the use 
of Equation 1 is recommended for determining V,. 





= 439 |b. per sq. in. 


The More Complete Expansion Otto Cycle 


The efficiency of the Otto cycle would be improved if the 
expansion ratio were greater than the compression ratio. One 
method of achieving this result that has received considera- 
tion? is to close the intake valve before reaching the end of 
the intake stroke. In the ideal case with no throttling the 
card is as shown in Fig. 6(d), cutoff being at point 6’. 
Although the use of such a cycle to improve thermal ef- 
ficiency at full load would be accompanied by a decrease in 
mean effective pressure and a consequent increase in engine 
size, the cycle does have some merit when considered as a 
substitute for throttling, since the use of variable cutoff to 
control output would be accompanied by a lower loss of 
thermal efficiency than attends throttling. As a further illus- 
tration of the use of the energy-entropy diagrams, such a cycle 
will be calculated for an engine operating under the same 
conditions as the unthrottled Otto cycle previously discussed, 
except that, without throttling, cutoff is to come at such a 
point that the effective compression ratio V,»/V will be 2.15, © 
the expansion ratio remaining at 6. Assume f = 0.133 and 
Ty = 915 deg. Rankine. On lower Fig. 5, when T,» = 915, 
E,,," = 82; and at P,» = 14.7, Vy» = 24.0. 

Step 1'-2.-On Fig. 5, move vertically to V, = 24/2.15 = 
11.2 and read Es,. = 136. j 

Step 2-3.-E, = 136 + 1507 (0.867) + 300 (0.133) = 
1483. On Fig. 4, find E = 1483 and V = 11.2. 

Step 3-4-4'.- Move on the isentropic to V, = 6 X 11.2 
= 67. Then, E, = 963. Continue to Py, = 14.7, where 
Vy = 84 and H,,,- = 845. Then the rule for f applies here 
just as in the other cycles, namely, f = V,/Vy = 11.16/84 
= 0.133, in agreement with the value assumed. Also H,,,’ 
= f Hw + (1 — f) He tresn = 0.133 (845) + 0.867 
(43) = 150 which, according to Fig. 5, corresponds to T, 
= 920 deg. Rankine, in substantial agreement with the as- 
sumed value. 

Work Per Cycle.-This value is clearly (E, — E,) — 
(E, — Ey) — (V5 — Vy) 14.7 (144/778) = (1483 — 963) — 
(136 — 82) — (67 — 24) 14.7 (144/778) = 349 B.tu. 

Thermal Efficiency.— This value is 








349 (100) > call 
19,240 (0.0782) 0.867 ae ee 
Mean Effective Pressure. - 
M.e.p. = 349 778 = 33.8 lb. per sq. in. 


~ (67—11.2) 144 
It will be noted that the m.e.p., 33.8 lb. per sq. in., is 
substantially the same as that found in the throttled engine 
of the second example, 33.6 lb. per sq. in.; the engine size 
for a given output will therefore be the same. The thermal 
efficiency, however, is 26.8 per cent as compared to 24.5 
per cent for the throttled engine, corresponding to a fuel 
saving of about 10 per cent. Whether the mechanical dif- 
ficulties of varying the cutoff at will would offset this gain 
in thermal efficiency is outside the province of the present 
discussion. 
Compression-Ignition Cycle 


The term “ideal cycle” as applied to the compression- 
ignition engine has somewhat less significance than in the 
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‘case of the Otto cycle because of the greater discrepancy 
between the ideal and actual cycles. Conventionally, reference 
is to a diagram such as Fig. 6(e), corresponding to (1-2) 
compression of air; (2-2’) fuel injection and partial burning 
at constant volume, followed by (2’-3) continued combustion 
at that rate which keeps the pressure constant until all the 
fuel is consumed; (3-4) isentropic expansion of the completely 
burned products; and (4-5-6-1) release, expulsion, and air 
intake. 


Since the amount of unpurged residual products of com- 


bustion from the preceding cycle is negligible for Diesel or 
semi-Diesel operation, the problem of evaluating f disappears, 
and we are here interested always in the compression of 1 |b. 
of fresh air. Both because the compression charts, Fig. 5, 
correspond to mixtures of fresh air, fuel, and some unpurged 
combustion products and because of the simplicity of thermo- 
dynamic calculations involving air only, it is preferable i 
the present case to dispense with the graphical method 
-calculating step 1-2. For most purposes average values for 
the specific-heat ratio « and the specific heat at constant 
volume cy of 1.39 and 0.182, respectively, may be used in 
calculating temperature, internal energy, and so on, at point 2. 

The condition at point 2’ is indeterminate, even though 
P, be specified, without knowledge of whether the pressure 
attained is by partial combustion of all the fuel, complete 
combustion of a part of it, or by some process lying between 
these. Fortunately, the determination of this condition is 
also immaterial if the objective is the evaluation of the total 
work of the cycle, since steps 2-2’ and 2’-3 may be com- 
bined. Since the combined step 2-3 is adiabatic, the difference 
of internal energies at points 2 and 3 equals the net work 
done, or 


144 
(E,, 2, air + E,, 2, fuel + E of ecmbustion) ans E; = (Vs — v)P(=) 
— Work of pumping in fuei. 


This equation may be converted to 

Hs = E,,2, air + E,.2, fuel + E. + P3V2(144/778) 
+ Work of pumping in fuel (2) 
When the fuel is pumped in in liquid form, the work of 
pumping it is negligible for the present purpose (but it must 
be remembered that E,,.,tuey is above the state, vapor at 60 
deg. fahr.). Since all the terms on the right of Equation 2 are 
known, H, may be determined. With H, found and P, 
specified, point 3 may be located on the appropriate com- 
bustion chart, Fig. 2, 3, or 4.7*° The expansion step 3-4 is 
treated as before. The total work of the cycle is 

(Vs—V2) Ps (144/778) + (E:—E,) — (Ee.2—E,.1). 


Gas Turbines 


Although the gas turbine has no present practical impor- 
tance as a substitute for the Otto or Diesel cycle, its advan- 
tages in certain fields of use may some day outweigh its 
disadvantages. The calculation of such a cycle with the aid 
of Figs. 2-5 is simple and straightforward, and will be illus- 
trated by an example. Suppose that a mixture of air and 
gasoline vapor containing 10 per cent excess air is compressed 
adiabatically from 60 deg. fahr. and atmospheric pressure to 
a pressure of 50 lb. per sq. in. absolute, then pumped at that 
pressure into a combustion chamber, where it burns at a 
constant pressure of 50 lb. per sq. in., then expanded through 





23 Actually, engines operating on the compression-ignition cycle use mixture 
ratios considerably leaner than the range covered by the present charts which 
were constructed primarily for Otto-cycle calculations. The construction of 
such charts would be simplified bv the tendency of excess air to suppress all 
molecular species except COco, HeO, Ov, No, NO, and atomic O. 

% It will be noted that H,; — Hs,, + E of combustion, and that H, — Fy, 
+ PV, (144/778). 
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a turbine and discharged at 20 lb. per sq. in. absolute, with 
negligible kinetic energy as it leaves the turbine blades. 

Let subscripts I, 2, 3, 4 represent conditions initially, after 
compression, after constant-pressure combustion, and after ex- 
pansion to 20 |b. per sq. in., respectively. 

E,,, = 0, Hs, = 37 and P, = 14.7, from which a point 


on Fig. 5 (top) i is located. Isentropic compression to P, = 50 
gives a mixture with Es,, = 40+ and Hs. = 8g. 
H, = H,, + E of combustion = 89 + 1165 = 1284. 


Since H is constant during a constant-pressure combustion, 
H, = H,,; point 3 may then be located on Fig. 2 correspond- 
ing to H, = 1254 and P, = 50. We find E, = 950 and T, 
= 4055 deg. Rankine. Isentropic expansion from P, = 50 
to P, = 20 indicates that E, = 741, Vs = 69.5, Ty = 3480 
deg. Rankine. The net work of the cycle is simply H, — H, 
== (37 + 1165) — (741 + 20 X 69.5 X 144/778)" 
204 B.t.u. Since the basis throughout has been 1 |b. of air 
with its attendant fuel (there being no problem of finding 
f) the efficiency is 204/0.0605 X 19,240 = 17.6. 


The Effect of Flame Travel on the Combustion Process 


In all the examples so far considered it has been assumed 
that, at the end of combustion, no temperature or pressure 
gradients existed in the chamber; this condition conforms to 
the conventional picture of an ideal engine cycle. It is 
instructive to consider the problem of a constant-volume 
adiabatic combustion in which there is assumed to be no 
mixing and no heat flow in the direction normal to the flame 
front. The problem will be simplified by ignoring the pres- 
sure gradient across a flame front being propagated at high 
velocity. Under these conditions the combustion of each 
infinitesimal layer of gas is accompanied by an infinitesimal 
rise in pressure which is transmitted throughout the mass, 
thus compressing isentropically both the burned gas behind 
the flame front and the unburned gas ahead of it. Since, 
however, each individual layer burns at constant pressure and 
adiabatically, the energy equation for the combustion of a 
layer is: H = constant. 
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Fig. 7— The Effect of Flame Propagation on the Tempera- 
tures Attained when Fuel Is Burned in a Closed Chamber 
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sidered in the first example, that of the unthrottled Otto 
cycle. Just prior to ignition, conditions (at point 2 of the 
cycle) are: T, = 1152 deg. Rankine, P, = 160 lb. per sq. in. 
This condition is shown as the bottom horizontal line of 
Fig. 7, which is a plot of temperature versus the mass frac- 
tion of the charge, measured from the firing end. 

The Combustion of the First Layer. —- From the energy equa- 
tion, H for this layer after combustion is: H, = H, = 
He. + 1507 (1 — f) + 300 f = 219 + 1507 (1 — 0.042) 
+ 0.042 (300) = 1676. On Fig. 4, at P = 160 and H = 
1676, which together specify the condition reached by the first 
layer, the temperature is found to be 4308 deg. Rankine. 
This value is shown at point B on Fig. 7. 

The Combustion of the Last Layer. — As the combustion pro- 
ceeds the last layer to burn will be undergoing isentropic 
compression until the flame front reaches it when the pres- 
sure will be substantially the same as that reached at point 3 
in the unthrottled engine example: namely, P, = 760. That 
this condition is approximately so may be seen from a con- 
sideration of the process of temperature equalization, adiabati- 
cally for the mixture as a whole and at constant volume, after 
combustion is complete. The necessary condition for this to 
be a constant-pressure process is simply that, over the range 
of temperature involved, the heat capacity of all infinitesimal 
layers be the same. Although this condition is not exactly 
fulfilled,?®> the departure from it is small enough to justify 
the assumption that the last layer has been compressed adi- 
abatically to P, when it is ignited. Then, its enthalpy after 
combustion-is H = H, p, + 1507 (1 — f) + 300 f, where 
H,,p, is read from Fig. 5. The corresponding temperature 
is 1640 deg. Rankine, plotted as point C on Fig. 7. On Fig. 4 
at H = 379 + 1507 (1 — 0.042) + 0.042 (300) = 1836 and 
P = P, = 760, the temperature is 4712 deg. Rankine. This 
value is shown as point D on Fig. 7. 

The Combustion of Intermediate Layers.-On Fig. 7 the 
temperature that each layer reaches just before its combustion 
is shown by the line 4A-C, the temperature just after combus- 
tion by the line B-D. These lines are to be interpreted only 
as approximate representations, no intermediate points having 
been calculated. 

The Compression of the Combustion Products.—The gas 
in the first layer to burn will undergo isentropic compression 
during the rest of the combustion until the pressure has 
reached P,. Its temperature at that time may be determined 
by moving isentropically on Fig. 4 from P, — 160 and H, 
= 1676, to P,; = 760, where T is found to be 5475 deg. 
Rankine, shown as point E on Fig. 7. Then the line E-D 
shows the temperature distribution at the moment combus- 
tion is completed. Approximate temperature distributions at 
various times during the combustion are shown by the dot- 
ted lines, the vertical portions showing the positions of the 
flame front. Superimposed on the diagram is a horizontal 
solid line at 4980 deg. Rankine, corresponding to point 3 in 
the unthrottled engine example, or to the change from line 
E-D which would accompany thorough mixing in the mass 
just considered. 

Experimental studies of the variation in flame temperature 





. ™The higher effective specific heat (including dissociation) at the higher 
temperature makes the pressure after mixing (namely, Ps) somewhat higher 
than the pressure at which the last layer burns when no mixing occurs. This 
Phenomenon has been considered by Mache®* and by Lewis and von Elbe2’, 

*%See “Die Physik ver Verbrennungserscheinungen”, by Mache, 1918, 
published by Veit, Leipzig. 

See The Journal of , and Physics, Vol. 2, 1934, pp. 283 and 
665, by Bernard Lewis and Guenther von Elbe. 

* See S.A.E. Transactions, April, 1935, pp. 125-136; “Flame Tempera- 
tures Vary with Knock and Combustion-Chamber Position,” by Gerald M. 
Rassweiler and Lloyd Withrow. 
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Fig. 8 — Effect of Air-Fuel Ratio and Com- 

pression Ratio on the Efficiency and Mean 

Effective Pressure of an Ideal Unthrottled 
Otto-Cycle Engine 


4800 deg. fahr. 
absolute, under 
non - knocking 
conditions. The 
first value would probably have been nearer 4100 deg. if tem- 
perature measurement had been possible immediately after fir- 
ing instead of after the flame had traveled 1 in. Calculations 
following the method of the present paper, with the simplify- 
ing assumption of ali combustion occurring at top dead-center, 
indicate initial and final temperatures at the spark-plug after 
firing of 4220 deg. fahr. absolute and 5250 deg. fahr. absolute. 
That the latter value is considerably in excess of those ob- 
tained by experiment is to be expected since the time of 
combustion was not zero, but approximately 40 deg. of crank 
revolution. 

The rise in temperature of the unburned gases along line 
A-C of Fig. 7 is of interest in connection with studies of 
engine knock. The temperature of that part of the unburned 
gas into which the flame finally moves (point C of Fig. 7) is 
enough higher than the usually calculated compression tem- 
perature to account for a considerable increase in chemical 
reaction velocity ahead of the flame front as the flame ad- 
vances. 


Effect of Changing Certain Operating Variables 


Although the main objective of this paper has been the 
presentation of a method rather than of results, the con- 
sideration of a limited number of results of calculations may 
be of interest. Fig. 8 shows the effect of air-fuel ratio and 
compression ratio on the thermal efficiency and mean effective 
pressure of an ideal Otto-cycle engine operating with intake 
and exhaust manifolds at atmospheric pressure. It will be 
noted that the position of maximum mean effective pressure 
shifts from about 87 per cent of theoretical air at a compres- 
sion ratio of 3 to about 91 per cent at a compression ratio 
of 9. Fig. 9 shows the effect of varying the intake-manifold 
pressure, by throttling or by supercharging, when the com- 
pression ratio is kept constant at 5 and a rich mixture con- 
taining 85 per cent of theoretical air is used. The thermal 
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Fig. 9 — Effect of Intake Manifold Pressure on the Efficiency 
and Mean Effective Pressure of an Otto-Cycle Engine 


efficiency increases rapidly from a value of zero at an intake- 
manifold pressure of 3 Ib. per sq. in. where the pumping 
loop of Fig. 6 (area 5-6-6’-1) exactly cancels area 1-2-3-4. 
Above atmospheric intake pressure, the thermal efficiency in- 
creases slightly with increased supercharging if the cycle is 
not charged with the work of supercharging. If the latter 
work is included, the efficiency drops off slightly at high 
supercharge pressures, the magnitude of the effect depending 
on the characteristics of the supercharger. (Isothermal and 
adiabatic supercharger operation, representing the limiting 
values, are indicated by two lines connected by a shaded area.) 
The mean effective pressure, on the same basis as the top 
curve of thermal efficiency, is shown in the same figure. The 
mean effective pressure is seen to increase substantially linearly 
with intake-manifold pressure. 

A method is presented for solving various problems arising 
in connection with the thermodynamic analysis of different 
types of internal-combustion engine cycles, by the use of 
graphs presenting the thermodynamic properties of the work- 
ing fluid before and after combustion. These graphs make 
full allowance for the dissociation of the products of combus- 


tion and are based on thermodynamic data which the authors 
believe will undergo no very significant further modifications, 


The charts permit a rapid and accurate solution of problems 
of widely varying types. The method is illustrated by appli- 
cation to problems of throttling, supercharging, flame travel, 
gas turbines, and compression ignition. 
Appendix A—Basic Data 
Table 1A—Summary of Original References for Internal Energy 
and Entropy 
(Numbers indicate references to footnotes.) 
CO, 13 (a) CO 9 O (b) 
HO 14 H, 7 NO 8 
Ne 9 OH 10 CsHis 29 (c) 
O2 11, 12 H (b) 


(a) Reference gives MCp as a function of temperature. 
obtained by plotting MCp vs In T and integrating graphically. 
(b) For monatomic gases, MCr = 3R/2 over the whole temperature 
range, whence internal energy and entropy can be calculated. 
(c) Reference gives MCp as a function of the temperature. 
was obtained by calculation. 
2° See Industrial and Engineering Chemistry, Vol. 21, October, 1929, pp. 
a — Specific Heats of Petroleum Vapors,” by W. H. Bahlke and 
oo Bey. 


Entropy was 


The entropy 








Table 2A—Change in Entropy and Internal Energy for Various 
Chemical Reactions, at 300 deg. Kelvin (units-grams-mols, 
calories, deg. Kelvin; H,O as vapor) 


Reaction AS AE (Note e) 

4H, =H +10.61 b + 51,574 
44 0, = O +13.56 b + 58,801 
2H,O = 2 He + O2 +21.297 a,b +115 ,006 
H,O = OH + % H, +14.430 a,b + 63,452 
CO; + H: = CO + HO +10.138 ed + 9,826 
44 O. + 144N: = NO + 2.947 ab 4+ 21,528 
200 + 4N: = H+ NO +13.596 a + 79,031 





Notes on Method of Evaluation: 
(a) Difference of absolute entropies of products and reactants. 
(b) As a check on other method, use of the relation: 
AH+RT in K 
-AS = ——————_; (K = equilibrium constant expressed in atmospheres 
> and obtained from footnote 15). 
(c) Calculation from tabulated values of (F —Eo)/T and (E—Eo) for 


P—Eo/? | —A 


F and E are here on an absolute scale. E» is E at 0 deg. Kelvin. 
= oh. Calculation from the two reactions: CO + 4 O: = COz; H: +40: 


(e) Calculation from tabulated values of (E —Ee) for each of the com- 
ponents and of AEo for the reaction. 


each of the components, AS = A 


e—B.)/7 | — RAN. 





Table 3A—Equilibrium Constants for Various Reactions. 


K = P,/P, for Reaction, A > B. 


(Units —- atmospheres) “ 





Temperature, Deg. Kelvin 








No Reaction Equation 3000 2800 2600 2400 2200 2000 1800 
a *h=-H 0.1622 0.0862 0.0398 0.0164 0.00589 0.00172 0.000376 
(2 %0,=0 0.1178 0.0366 0.02432 0.00914 0.00285 0.00071 0.000130 
3)  2H,O = 2H, + 0, 10-*x240 10-*x55.0  107*x10.0 10-*x1.514_ = 10-*x1.514. ~©—:10-#x9.12.-S—«:10-*x2.882 
G HO =OH+%H; _ 0.1002 0.0457 0.01820 0.00646 0.00182 0.000398 0.0000646 
5) CO.+H,=CO+H,0 6.919 6.595 6.220 5.780 5.21 4.55 3.80 

6 %0:+%N:=NO __ 0.1239 0.0957 0.0708 0.05012 0.0332 0.0202 0.01098 
(7) H,O+14N, =H: +NO 10-*x6.062 10-°x2.243 = 10-x7.080 101.950 10-*x4.08  — 10-7x6.10 «1075.90 





Table 4A—Entropy of Various Gases at T deg. Kelvin and 1 Atm osphere. 


(Base values at 300 Deg. Kelvin equal to the entropy of 


formation from CO:, H.0, O2, N2; units, (cal.)/(gm.mol) (Deg. Kelvin) ). 





Temperature, Deg. Kelvin 





1000 1200 





7 300 1400 1600 1800 2000 2200 2500 2600 3000 

-— ~—0m 0 2.6094 7.024 10.41 13.2 ...... 17.72 19.59 21.28 22.81 24.16 26.08 26.66 28.80 
HO -0.321 0 2.321 5.713 8.274 10.301 12.229 13.87 15.34 16.71 17.98 19.16 20.75 21.24 23.10 
N; 9.266 0 2.005 4.873 6.987 8.699 ...... 11.403 12.50 13.516 14.421 15.241 16.356 16.690 17.964 
0, 020 0 2.060 5.056 7.320 9.153 ...... ee. 14.25 15.173 16.05 17.212 17.57 18.930 
Re oe 20.786 22.795 25.683 27.825 29.562 ...... 32.31 33.41 34.43 35.344 36.14 37.204 37.65 38.909 

ae ae 10.648 12.646 15.480 17.494 19.100 20.432 21.58 22.61 23.55 24405 25.17 26.270 26.60 27.850 
Bs EIS Os. Pn oy nteene donne 22.21 23.075 23.87 24.963 -25.30 26.556 
MK | we eh ety I re he Tae eaten eas aw piaae,  ounees 24.23 2482 25.35 25.80 26.45 26.65 27.36 
Se per DE a ee i | | eaeles 21.86 22.45 22.98 23.43 24.08 24.28 24.99 
Eee Re ee Be te. epee ei. eee. eleses 15.87 16.90 17.830 18.65 19.803 20.15 21.482 
Vol. 39, No. 4 








THERMODYNAMIC PROPERTIES OF THE WORKING FLUID 423 











Table 5A— lina Gites of Vetioen Gases at T ben Kelvin (Base values at 300 Deg. Kelvin equal to the internal energy of 
formation from CO, H,0, 0.2, Na; units, cal./gm.-mol.) 








Temperature, Deg. Kelvin 





Ges 288.7 300 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 
-_ —-7 0 743 2,475 + «4,447 «6,587 8,843 11,184 13,586 16,088 18,527 21,043 23,588 26,159 28,746 31,352 
HO -—-6 0 618 1,896 3,282 4,786 6,409 8,129 9,949 11,864 13,859 15.909 18,009 20,154 22334 24.539 
/Ne —5 0 498 1,517 2,589 3,727 4,921 6,157 7,423 8,718 10,039 11,368 12,711 14,061 15,425 16,798 
0: -57 0 512 1,602 2,779 4,025 5,316 6,637 7,990 9,366 10,762 12,181 13,624 15,084 16,563 18,058 
mee .. 67,829 67,829 68,857 69,950 71,110 72,325 73,581 74,865 76,174 77,505 78,851 80,205 81,565 82.936 84,316 
He .. 57,503 57,999 58,999 60,010 61,041 62,106 63,214 64,356 65,540 66,763 68,017 69,207 70,608 71.944 73,294 
OH .. 84,700 35,211 36,225 37,246 38,205 39,377 40,517 41,702 42,917 44,162 45,432 46,742 48.067 49.412 50,784 
Vi .. 80,326 80,624 81,220 81,815 82,411 83,007 83,603 84,199 84,795 $5,300 85,986 86,582 87.178 87.773 88,368 
10 .. 58,801 59,099 59,695 60,290 60,886 61,482 62,078 62.674 63,270 63,865 64.461 65,057 65,653 66,248 66,843 
NO , .. 21,528 22,054 23,108 24,244 25,446 26,698 27,986 29,301 30,636 31,987 33,351 34,726 36,109 37,500 38,807 





Since thermodynamic data available in the literature are 
generally in the c.g.s. system and in such form that a base 
temperature of 300 deg. Kelvin is convenient, that base was 
used in the present calculations. Conversion of all results to 
the base used in plotting Figs. 2-5 was subsequently made 
by means of the relation: the internal energy E of the system 
at T, P, above a base temperature of 288.7 deg. Kelvin (60 
deg. fahr.) equals the E of the system at T, P above the base 
300 deg. Kelvin minus the E, at 288.7 deg. above the base 
300 deg., of those amounts of CO,, H, O, O, and N, neces- 
sary to form the system. The same relation holds for the 
entropy S. 


Appendix B 


Method of Calculating Composition of Combustion Products 
in Equilibrium 


~ 


Due to the large number of molecular species present in 
an equilibrium mixture, it is important to organize the cal- 
culations to minimize trial-and-error. With four kinds of 
atoms present (C, H, O, N) in ten different arrangements 
(CO,, H,O, O,, N,, CO, H,, OH, NO, H, O) there are 
six unique chemical equations ‘relating the ten species. Six 
such equations have been given in Table 3A, numbered 
1 to 6 (with a seventh derivable from 3 and 6 included for 
convenience ). 

Choose as a basis P mols of products at a total pressure of 
P atmospheres, and represent the partial pressure (or number 
of mols) of each constituent by its chemical symbol in paren- 
theses. Let 4 = mols of total O, (in any form) per carbon 
atom in system (1.329, 1.563, and 1.719 for the rich, the- 
oretical, and lean mixtures); 3.76 4 = mols total N, per 
carbon atom; 9/8 = mols total H, per carbon atom. The 
condition satisfying the known ratio of hydrogen to nitrogen 
in the equilibrium products is: 


(OH) + (HM) _ 9/8 

2 3.76A 
The condition satisfying the known ratio of oxygen to nitro- 
gen is: 





(H,0) + (H;) + [ avs) +00) /2 | 


(O) +(OH) + (NO) +(CO) + (8:0) 
2 


+75 [ So + N02 | (4) 


(O:) + (CO:) + 





The condition satisfying the known ratio of carbon to nitro- 
gen is: 


(CO:) + (CO) = [ os) +00) /2 | (5) 


3. ror} 


The condition that the sum of the partial pressures equals the 
total pressure P is: 


(CO,) + (H,O) + (O,) + (N2) + (CO) + 
(H,) + (OH) + (NO) + (H) + (O) = P (6) 
With these four equations there are six available equilibrium 
relations, permitting a solution to determine the ten compo- 
nents. The subscripts on K’s refer to the reaction number of 
Table 3A. The oe relations are: 
(8:0) | 








(O:) = “th ~ (7) 
_1 0) Go) 
(CO) K (Hn) (8) 
(0m) « K,-——- (9) 
Vv (He) 
(H) = K, (i) (10) 
(O) = Kz V(O:) (11) 
(NO) = Ke V(Qz) (Ne) (12) 
or 
* (H:0) /(N;) (128) 
(Hy) 


By substituting from Equations (9), (10), and (12a) into 
Equation (3) and solving for (H,O), one obtains: 
_ 9/8 K 














(N:) — (Hi) - rs V (Hn) 
3.764. 
CEA  —Seeeenenitiaaliods (13) 
K 9/8) Kr (Na) 
+ nee (0/8) Kr VO) 


By substituting from Equation (8) for CO, into Equation (5), 
and solving for (CO), one obtains: 
Ks (Hz) [((N2) + (NO)/2] 
(CO) = 376A ((H0) + Ks ia) = 
The technique of solving the equations for fixed values of 
A and temperature (which fixes the various K’s) is one of 
trial-and-error. First fix. (N,) and assume (H,). Then, in 
order, calculate (H,O) from Equation (13), (NO) from 
Equation (12a), (CO) from Equation (14); and in any order, 
(CO,), (OH), (O,), (H) and (O) from Equations (5), (9), 
(7), (10) and (11). Now test the assumed value of (H,) by sub- 
stituting into the oxygen balance, Equation (4); and adjust 
(H,) for a repetition of the calculations. Finally, find the 
total pressure on the system from Equation (6). 

With composition known at a given temperature and 
pressure, the internal energy and entropy of the equilibrium 
mixture may be calculated. For each component the entropy 
per mol is that of compressing (expanding) to one atmos- 
phere, —Rin (Partial pressure of the component, atmos- 





October, 1936 


ee 


‘ 
7 
7 





424 


S.A.E. JOURNAL 


(Transactions) 


pheres), plus the entropy change in going to the base con- 
dition read from Table 4A. The total entropy of the system 


is, of course, the sum of the entropies of its components. 
The final results of the calculations are given in Table 1B, 


which contains all numerical values from which Figs. 1, 2, . 
and 4 were constructed. Suitable large-scale intermediate plots, 
not presented, were constructed from Table 1B to facilitate con- 
struction of the final working plots. 





Table 1B —Calculated Thermodynamic Properties of the Equilibrium Mixture of the Combustion Products 


of One Pound of Air with Various Amounts of Octane 























Ratio, 


Ratio, Ratio, 





Ratio, Ratio, Ratio, 
P, lb. per V; E, S, B.t.u./ CO/ H:; / 14 OH/ 14 H/ O» 14 NO/ 
T,deg.R. sq. in. cu. ft B.t.u. Deg. R. Total C Total H, Total H. TotalH, TotalO, Total N, 
Rich Mixture—85 Per Cent of Theoretical Air 
5400 1698 1.349 1753 0.5509 0.445 0.100 0.032 0.006 0.008 0.0029 
5400 852.5 2.688 1794 0.6135 0.477 0.110 0.042 0.009 0.013 0.0036 
5400 386 .5 5.974 1845 0.6854 0.509 0.121 0.058 0.013 0.023 0.0046 
5400 173.6 13.40 1917 0.7642 0.546 0.136 0.077 0.022 0.035 0.0059 
4680 1679 1.165 1447 0.4807 0.378 0.089 0.007 0.001 0.0005 0.0004 
4680 840.6 2.338 1455 0.5364 0.385 0.090 0.009 0.002 0.001 0.0006 
4680 168 .7 11.70 1482 0.6674 0.400 0.094 0.019 0.005 0.004 0.0012 
3960 838 .1 1.974 1214 0.4676 0.360 0.097 0.001 0.0003 Bee Se 
3960 417 3.941 1215 0.5213 0.361 0.097 0.001 0.0004 
3960 83 .86 19.74 1217 0.6467 0.361 0.097 0.003 0.001 
3240 83.79 16.18 995 0.5673 0.336 SS eae 
2520 83.79 12.59 785 0.4767 0.291 0.157 
1800 83 .79 8.98 583 0.3562 0.190 i rer 
1440 14.70 41.00 486 0.4135 0.104 0.324 
Theoretical Mixture—100 Per Cent of Theoretical Air 
5400 2060 1.071 1528 0.4928 0.236 0.041 0.051 0.004 0.045 0.007 
5400 1037 2.139 1571 0.5526 0.278 0.049 0.065 0.006 0.054 0.008 
5400 314.8 7.124 1671 0.6604 0.378 0.073 0.090 0.013 0.078 0.009 
5400 106.5 21.35 1792 0.7652 0.477 0.100 0.120 0.026 0.101 0.010 
4680 2022 0.932 1177 0.4127 0.086 0.015 0.017 0.0005 0.018 0.002 
4680 608 .8 3.106 1207 0.5093 0.119 0.021 0.025 0.001 0.025 0.003 
4680 203 .9 9.322 1246 0.6000 0.164 0.029 0.036 0.002 0.036 0.004 
4680 61.70 31.01 1307 0.7040 0.228 0.043 0.052 0.005 0.054 0.004 
3960 2006 0.790 907 0.3377 0.019 0.004 0.003 0.0001 0.004 0.0006 
3960 20.16 79 .07 958 0.6932 0.081 0.016 0.016 0.0008 0.021 0.001 
3240 14.70 88.10 680 ME  gsccks!. | lee are’ ey Teast eis (ld Ben meres ar 
2520 14.70 68 .52 478 ace aue. 9 26 aca 
1800 14.70 48 .95 288 2.) ae 
1440 14.70 39.16 200 i ee 
Lean Mixture—110 Per Cent of Theoretical Air 

5400 2041 1.069 1469 0.4795 0.178 0.028 0.064 0.003 0.092 0.010 
5400 1025 2.139 1510 0.5396 0.225 0.036 0.078 0.005 0.102 0.010 
5400 312.7 7.080 1598 0.6465 0.321 0.056 0.103 0.012 0.121 0.011 
5400 105.4 21.30 1721 0.7527 0.436 0.084 0.138 0.025 0.143 0.012 
4680 2007 0.930 1137 0.4035 0.042 0.006 0.023 0.0003 0.078 0.005 
4680 1005 1.859 1151 0.4581 0.057 0.010 0.031 0.0006 0.074 0.005 
4680 101.4 18.59 1225 0.6440 0.146 0.026 0.056 0.003 0.099 0.006 
4680 30.69 61.92 1294 0.7495 0.224 0.040 0.076 0.008 0.118 0.006 
3960 998 1.577 891 0.3856 0.007 0.001 Fe Seer 0.082 0.003 
3960 20 .03 78 .86 922 0.6819 0.043 0.008 0.023 0.0003 0.090 0.002 
3240 14.70 87 .52 669 J. ee ae, OW ee et a 
2520 14.70 68 .07 471 MES ON ee oe ee <a a 
1800 14.70 48 .62 284 >. Serr 0.091 
1440 14.70 38 .90 TP ned 0 





0.3494 


Conclusion to Discussion of Liquid-Cooled 


Aero Eng 


ines 


.091 


heavy for practical considerations, and about 60 per cent 
heating of the air is the most that can be hoped for. The 
answer to Mr. Worth’s statement that “practical considerations 





(Continued from page 400) 


d in forcing the cooling air through the 
radiator should a minimum. Both from theoretical con- 
siderations and\{rom actual tests, the cooling of a hexagon-tuibe 
matrix varied as the length/diameter ratio of the tubes also that, 
for a constant heat dissipation per square foot of frontal area, 
the efficiency on a cooling-drag basis reached an optimum for 
a long tube which raised the final air temperature by almost 85 
per cent of the difference between the initial air temperature and 
the mean liquid temperature. 

Actually this length/diameter ratio gives a radiator too 
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the power expen 


and available space should be the determining factors in all 
cases where the radiator is located within the structure” 1s 
a radiator of as large a frontal area as might be practical but of 
considerable length whatever the frontal area. 

With regard to oil cooling, Rolls-Royce has fitted fins on 
the crankcases of some of its engines but the proportion of heat 
so dissipated is not large. The liquid-cooled engine has a con- 
siderably lower rate of heat flow to the oil than has the air- 
cooled engine, in some cases, as checked by figures obtained 
during our visits to the engine plants, it amounts to only 50 per 
cent of the air-cooled engine’s flow. 





